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EXPERBEKTAL  INVESTIGATION  OF  HEAT  TRANSFER 
AND  CRITICAL  THERMAL  LOADS  IN  BOILING  VJATER 
’PIDER  CONDITIONS  OF  FREE  M0\T:MENT 

V.S.  Golovin,  B.A.  Kol'chugin,  and  D.A. 

Labuntsov,  Power  Institute  imeni  G.M. 

Krzbizhanovskiy,  Moscow 

The  results  are  .given  of  an 
investigation  of  heat  .transfer  and 
critical  thermal  loads  in  boiling 
water  under  conditions  of  free 
"movement ,  Tests  vvere  conducted 
on  horizontal  silver  pipes  with  an 
external  diameter  of  5  rnm  over  a 
range  of  pressure  changes  of  from  10 
to  2000  n*cm"^. 


Despite  itS: urgency  and  practical  significance, 
,heat  transfer  in  the  boiling  of  7/ater  uncer  conditions 
free  movement  has  been  studied  insufficiently, 
"efi^ecinliy  in  the  area  of  high  i'-ressures.  Only  a 
experimental  investigations  are  knov;n  which  are 

,  t  ^ 

iTiJevoted *to  this  question  /1, 2/,  There  is  also  only 
*3'  limitea  number  of  works  devoted  to  critical  thermal 
**  loads  while  boiling  water  in  a  large  volume.  There  is 
only  one  investigation  in  the  range  of  pressure  cnanges 
of  from  10  to  20C0  n»cm  /57 • 

This  work  has  the  purpose  of  expanding  and 
adding  to  the  already  available  material;  however, 
rreat  attention  has  been  devoted’ to  the  accuracy  of 
measurements  and  to  the  cleanliness  of  the  surface 
being  investi.gated, 

I  The  experimental  unit  was  made  in  the.  form  of 
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a  vertical  cylindrical  vessel  in  which  the  testing  ^ 
section  ’’as  laid  horizontally.  An  outlet  condenser 
was  welded  to  the  upper  surface  of  the  bottom  of  the 
vessel.  All  elements  of  the  test  unit  were  made  of 
stainless  steel. 

The  testing  section  was  a  tube  about  I50  mm 
long  and  5-4, mm  in  diameter.  The  tube  was  made  of 
^^•3%  silver. 

A  thermal  load  on  the  tube  was  created  by  a 
low  voltage  alternating  current.  The  current  in  the 
circuit  v/as  measured  by  an  astatic  ammeter  of  the 
0.5  class  which  was  connected  to  a  measuring  trans¬ 
former  of  a  current  of  the  same  class.  The  voltage  dtop 
in  the  tube  of  the  testin*T  section  was  measured  by 
a  0.5  class  A.C.  voltmeter 

The  temperature  inside  the  tube  was  measured 
with,  a  platinum  resistance  thermometer  of  special 
construction.  The  thermometer  was  connected  into  the 
measuring  circuit  with  a  low-resistance  D.C.  potentio¬ 
meter.  The  graduation  of  the  thermometer  was  accom¬ 
plished  by  the  All-Union  Scientific  Research  Institute 
of  the  Committee  of  Standards,  Measures,  and  Measuring 
Instruments.  The  error  of  the  thermometer  does  not  ,, 
exceed  0.04  degrees  K. 

Before  assembling  the  unit,  the  tube  of  the 
testing  section  was  cleaned  with  fine-grained  emery 
cloth  and  was  polished  with  a  paste  from  the  State 
Optical  Institute  /47»  After  assembly  salt-free  water 
was  poured' into  the  unit  and  its  deaeration  was 
accomplished  by  boiling  at  atmospheric  pressure.  In 
I  order  to  eliminate  oxygen  completely  from  the  water, 


hydrazine  (N^H^)  was  added  to  it  and  the  unit  v/as 
sealed.  The  salt  content  of  the  water  which  was  added 
did  not  exceed  0.7  S*m  ^  of  NaCl. 

After  the  pressure  in  the  unit  reached  the 
assigned  value,  the  readin^^  was  set  on  the  master 
manometer  and  for  a  specific  thermal  load  q  «  0.  the 
temperature  inside  the  tube  was  measured;  under  these 
conditions  the  temperature  corresponded  to  the  sat¬ 
uration  temperature  (T_,  Then  a  certain  thermal 

D 

load  was  set  on  the  test  tube  ana  -measurements  were 
made  of  the  voltage  drop  in  it,  the  current  strength, 
ana  the  temperature  inside  the  tube.  In  aoin{i*  this  the 
pressure  in  the  unit  was  kept  constant ;  this  was 
checked  by  the  constancy  of  the  readings  of  the 
manometer  which  perf-ormed  the  role  of  a  sensitive 
indicator.  It  should  be  noted  that  the  diver.^^ences 
in  the  values  of  the  saturation  temperature  in  one 
series  of  tests  at  the  same  manometer  reading  aid  not 
exceed  the  measurement  error  of  the  thermometer. 

Upon  completion  of  a  series  of  tests  the  pressure  in 
the  unit  was  lowered  to  atmospheric  pressure.  After 
this  samples  of  water  were  selected  for  chemical 
analysis.  Then  the  v^orking  section  v/as  removed  from 
the  unit  for  examination.  • 

The  coefficient  of  heat  transfer  was  calculated 
according  to  the  formula 

- f — _  , 


The  ercployfnsnt  of  a  platinum  resistance 
thermometer  and  silver  as  the  material  of  the  test 
tube  made  it  possible  to  obtain  sufficiently  high 
accuracy  in  measuring  the  coefficient  of  heat  transfer. 

Thus  the  average  quadratic  error  does  not  exceed 
14%  even  under  the  most  unfavorable  conditions 
(pressure  of  2000  n‘cm"^,  small  thermal  loads). 

Numerous  effective  tests  of  heat  transfer  have 
shown  that  with  no  single  material  (copper, silver^ 
nickel-plated’ copper)  at  a  pressure  over  98  n‘cm 
is  it  possible  to  obtain  a  clean  tubs  surface  if  steps 
are  not  taken  to  remove  completely  the  oxygen  which  is 
dissolved  in  the  water.  During  the  conduct  of  the 
test  the  surface  is  covered  with  a  loose  black-colored 
coating  of  the  oxides  of  the  metals  with  which  the 
water  comes  in  contact  during  the  test. 

The  data  on  heat  transfer  which  is  obtained  f.or 
such  a  surface  is  very  unstable,  vvith  the  same  specific 
thermal  loads  the  values  of  the  heat,  transfer  coeffi¬ 
cients  which  are  obtained  when  conducting  the  test 
in  the  direction  of  increasing  the  thermal  load  are 
lower  than  the  values  which  are  obtained  when  conducting 
the  test  in  the  opposite  direction.  For  small  specific 
thermal  loads  (q  =  1*10^  watts»meters"^)  the  aivergences 
in  the,  values  of  the  heat  transfer  coefficients  can 
reach  30(y/o,  If  during  operation  on  the  upper  branch 
of  the  curve  cc  =  f  (q)  the  load  is  momentarily 
lowered  to  zero  and  then  returned  to  the  previous 
value,  the  value  of  the  heat  transier  coefficient  will 
correspond  to  the  level  of  the  lower  branch  of  the 
^_fiurve  (Figure  1).  As  can  be  seen  from  the  graph,  such  ..J 
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data  cannot  be  considered  as  being  satisfactory. 

Fiwe  1  also  contains  test  points  from  work  /X/. 

A  comparison  of  them  makes  it  possible  to  presume  that 
the  upward  swin^^  of  the  points  as  indicated  in  work 
[2J,  especially  when  q>  0,5»10^  and  for  high  pressures, 
apparently  is  explained  by  the  considerable  contamination 
of  the  surface  of  the  tube. 
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Figure  1.  Test  data  on  coefficients  of  heat 
transfer. 
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1  —  our  data  when  p  •  725  n*cm  ;  2  —  data 
[2j  when  p  -  750  n»cn"^{  the  solid  Une 
corresponds  to  the  data  for  a  clean  silver 

siirfflca. 
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In  order  to  prevent  the  accumulation  of  oxides 
and  to  obtain  a  practically  clean  surface,  hydrazine 
was  added  to  the  water  (5-7 

+02“^  ^^2°  ^2 

It  is  significant  that  only  water  and  nitrogen 
result  from  the  reaction.  Therefore,  the  eriployment 
of  small  doses  of  hydrazine  should  not  have  significant 
influence  on  the  data  on  heat  transfer.  As  a  check 
a  series  of  tests  was  conducted  in  which  the  amount 
of  hydrazine  w^ich  was  used  was  five  times  greater 
than  normal;  however,  the  data  on  heat  transfer 
remained  practically  the  sane. 

In  conducting  the  tests  while  enployinrg  hydra¬ 
zine  the  occurrence  of  oretreatment  of  the  sun  ace 
became  noticeable.  The  tests  showed  that  stable  and 
reproducible  data  on  heat  transfer  are  obtained  only 
after  about  one  hour  of  operation  of  the  heating 
surface  under  a  high  thermal  load.  Thus  the  employ¬ 
ment  of  hydrazine  and  the  pi'etreatment  of  the  surface 
made  it  possible  to  obtain  reliable ,  repetitive  re¬ 
sults  on  heat  transfer  for  all  ranges  of  change  of 

thermal  load  and  pressure. 

The  results  of  the  tests  are  given  in  the  table 

below;  the  remarks  give  a  short  description  of  the 
surfaces  after  the  tests.  The  salt  content  of  the 
water  after  the  tests  was  in  the  range  of  5. 6-7*0 
g.m”^  of  Nad. 
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Table 


Results  of  tests  on  heat  exchange 


AT 

SB 

g-lO-* 

AT 

AT 


<  Onttm  ^  43 


2.23 

9.16 

1,18 

7.11 

4,62 

3,42 

4,63 

4,65 

1,44 

6,73 

1,44 

7,00 

Tt  =507,25®  K  . 

5,61 

13,09 

1.16 

11,05 

8,59 

•kS 

5,26 

3.86 

0,383  1 

6,72 

T,  =456,27®  K 

1,63 

18,27 

1,21 

16,99 

14,23 

11,54 

0.142 

7,86 

T,-405.68*K 

1.17  1 

22,50 

20.52 

0,456 

0.244 

0,123 

0,336 


17,30 

13,90 

10,00 

16,13 


0.175  12,01 

0.29  14,72 


r,^561.37*K 

1,14  I  5.99 
0.266  1  3,17 


I  Otibitn  44 
r,-582.29“K 


Hflr  jj 

J 

KHTnI 

I.oi 

24,79 

0.5S6 

19.12 

0,386 

16,42 

0,212 

13. 10 

0. 109 

io.r>6 

0,313 

15,13 

>  Onum  M  55 


r,-581,37*K 


2,19 

1,15 

0,355 

0.149 


7,93 

6,27 

3.46 

2,51 


r,»607,76*K 


0.128 
0.374 
0.705  • 
1.16 

1.77 

1.77 
1.75 
1.13 
0.40 


1,83 

2.09 

3.36 

4,00 

4,79 

5.13 

5.14 
4.2u 
2.67 


j  (  Otibun  A9  56 

r,=608.07‘’K 

1.79  I  5,11 
0,182  I  2,03 


r,=623.44’  K 


1.35 

0.379 

0,15 

0,245 

0,71 


3,24 

2.14 

1,35 

1,61 

2,42 


r, =608,07®  K 
0,690  I  2.42 


I  Onum  57 


7’,«637.65“K 


0,575 

0,341 

0,196 

0,114 

0.254 


clean  tube.  The  reriuinin.'^  tests  were  conducted  in 
clean  tubes  with  neglii^ible  deposits. 

At  pressures  over  1000  n*cia  the  heating 
surface  usually  grew  somewhat  "dull”  after  the  conduct 
of  the  tests  although  it  still  retained  a  metallic 
luster.  This  is  explained  by  the  formation  of  an 
insignificant  deposit  which  did  not  influence  the 
level  of  heat  transfer  and  which  made  it  possible  to 
describe  such  a  boiling  surface  as  being  practically 
clean. 

The  data  which  was  obtained  (Figure  2)  is 
well-described  throughout  the  entire  range  of  pressures 
and  thermal  loads  which  were  investigated  by  the 
empirical  formula 
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Figure  2.  Test  data  on  the  coefficient  of  heat 
transfer  a  (watts ‘meters"^ •degrees’^)  for 


various  specific  thernal  loads  q(watts* 

— ?  /  —2\ 

meters  )  and  pressures  p(n*cm 

1  —  1970;  2  —  1660;  5  —  1565;  ^  ~  97^*. 

5  —  302;  6  —  108;  7  —  29.^;  8  —  9.8. 

Deviations  of  test  data  from  the  data  obtained 
by  this  formula  do  not  exceed  +  25%.  It  should  be 
noted  that  the  relationship  of  the  coefficients  of  heat 
transfer  to  the  specific  load  and  pressure  generally 
were  similar  to  the  relationships  given  in  work  /2/. 

The  method  of  preparing  and  conducting  the  tests 
for  critical  thermal  loads  was  the  same  as  in  the 
testf  bn  heat  transfer.  The  critical  thermal  load  was 
determined  from  the,  readings  of  a  voltmeter  and 
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ammeter  at  the  moments  of  time  preceding  the  burnout 
of  T:he  test  tube. 

A  firaph  (Figure  3)  of  the  relationship 
q  B  f(p)  was  constructed  from  the  results  of  the 
tests.  The  nature  of  this  relationship  is  basically 
similar  to  the  data  obtained  in  work  /j/;  however, 
the  numerical  values  of  in  our  tests  are  lower. 

It  should  be  noted  that  in  work  fU  nichrome 
/nickel-chrortdum-iron  alloy/  plates  set  on  edge  were 
used  as  the  heating  surface,  i.e.,  the  conditions  under 
which  the  tests  in  work  /37  were  conducted  differed 
from  ours. 


Figure  3.  Relationship  of  the  critical  specific 
thermal  load  q^^(watts* meters"^)  to  the 


pressure  p(n»cm”  ). 


Symbols 

—  coefficient  of  heat  transfer;  q  —  specific 


thermal  load;  q-_  —  critical  specific  thermal  load; 

CP 


.  temperature  inside  the  tube;  Tg  —  saturation 
temperature  of  the  water;  T^^  —  critical  temperature 
of  the  water;  —  temperature  drop  in  the  wall  of 
the  experimental  tube  considering  the  heat  release 
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Summary 

iSxperiraental  data  is  obtained  on  boiling  heat 
trijnsfer  to  demineralized  water,  from  horizontal  silver 
tubes  having  a  5  mm  external  diameter.  The  pressure 
and  heat  fluxes  in  the  experiments  varied  over  the 
range  of  10-2000  (n»cm"^)  and  from  1*10^  (watts* 
meters"^)  up  to  the  critical  fluxes  respectively. 

Stability  and  fair  reproducibility  of  boiling  heat 
transfer  data  were  attained  only  with  surfaces' working 
not  less  than  an  hour  at  high  thermal  loads,  provided 
the  surface  is  kept  sufficiently  clean  during  the 
test.- 

At  hirrh  pressures  and  considerable  heat  fluxes 
the  boiling  surface  was  found  to  be  intensely  covered 
with  the  oxide  film.  This  fact  can  probably  be  ex¬ 
plained  by  the  presence  of  oxygen  dissolved  in  the  water. 
As  a  result  the  reproducibility  of  data  is  not  achieved 
and  heat  transfer  coefficients  may  differ  rather 
significantly.  The  use  of  hydrazine  (5“7S*“’^)  ®ade 
the  boiling  surface  sufficiently  clean  over  the  entire 
pressure  range,  thus  excluding  the  above-mentioned 
undesirable  phenomena. 

The  critical  heat  fluxes  from  the  horizontal 
silver  tubes  to  the  boiling  water  are  evaluated  over 
the  pressure  range  of  from  10-2000  (n»cm  ).  The 
critical  thermal  load  was  determined  by  the  burnout 
of  the  test  tube. 
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CQRSUmTION  OF  BEAT  EXCHANGE  AND  THE  RELATICEISHIP 
OF  VISCOSITY  TO  TEMPERATURE  IN  THE  FRQBIEM  OF  THE  . 

FLOW  OF  A  VISCOUS  LIQUID  BETWEEN  TWO  ROTATINO  CON- 
CEirmiC  CYLINDERS 

(on  tht  theory  of  an  unloaded  hearing) 

S.K.  Aslanov 
State  University  loenl 
N.G.  Chemyshevslcy, 
Saratov 

A  'generalization  of  the  problem  of 
Professor  N.P.  Petrov  on  the  movement 
of  a  lubricant  in  a  symmetrical  layer 
■  ,qf .  an  arbitrary  thickness  between 
"■■rotating  cylinders  is  examined  for  the 
case  when  heat  exchange  ana  the  re¬ 
lationship  of  viscosity  to  temperature 
are  considered. 

Let'  us  examine  the  established  flow  of  a  viscous 
liquid  between  two  round  coaxial  cylinders  of  .un- 
Umited  length  of  radii  and  R2  (R^  >  which  are 
rotating  about  a  common  axis  with  constant  angular 
velocities  ft),  and  (a)^.  In  work  A/  which  laid  a 
foundation  for  the  hydrodynamic  theory  of  lubrication, 
Professor  N.P,  Petrov  gave  a  precise  solution  to  this  . 
pToblera  in  his  hypothesis  on  a  constant  coefficient  of 
viscosity  Ja*  ,  i.e. ,  jneglecting  the  influence  of 
intern^rl  heat  release  on  jliquid  friction.  However, 
an  experiment  A/  indicates  that  the  thermal  effect 
in  the  layer  is  generally?  considerable  and  makes  it 
necessary  to  take  into  aonount  the  relationship  of 
viscosity  to  the  temperalsure  T.  This  investigation  is 
based  on  the  approximation  of  P.A.  Pi  Ionov  ["bj 


•1  =jioexp(-S(r-ro)l  2>0, 


(1) 


i 


the  advantage  ol‘  which  will  subsequently  becorie  clear. 
The  reraininp;  thermal  physical  characteristics  of  a 
liquid,  in  particular  the  coefficient  of  thermal 
conductivity  A ,  in  view  of  their  slight  relationship 
to  temperature,  are  assumed  to  be  constant. 

If  we  ignore  the  mass  forces  and  take  into 
account  the  unlimited  length  of  the  cylinders  and  the 
axial  symmetry  of  the  flow',  then  the  equations  of 
jjavye-Stoks  and  of  the  influx  of  heat  in  the  case 
under  consideration  will  give  the  following  basic  system 
of  equations 


with  the  extreme  conditions: 

V-V,  =  ^1^1  rcH,, 

T  =  T,  V'=Vi-  (5) 


-I 


From  the  second  equation  of  (2)  we  immediately 

obtain 


This  .Teans  that  for  the  displacement  of  a  viscous 
layer  an  amount  of  work  Q  ■  ‘fx/J  should  be  expended 
per  unit  of  area;  this  work  is  given  off  in  the  flow 
in  the  form  of  heat  and  is  lost  through  the  walls  of 
the  cylinders  under  the  established  regime. 

Thus  from  (l)-(4)  a  border  problem  occurs  for 
temperature  and  speed  fields  in  a  dimensionless  form: 


e'  +  j9'f -iexpB-O;  (5) 


(6) 


« 


e.O,  «  »  /  '•"i.n  t  «/; 


(7) 


«  -  i4Cj?  th  (C,  +  Cj]/a  In  5) + C,«, 


(11) 


whert 


Am 


2b 

Va 


“l/- 

»i  K  m 


1*7 


(12) 


(plus  corresponds  to  C^>  0  and  minus  to  0). 

In  order  to  find  the  arbitrary  constants  C^, 
^2'  limiting  conditions  of 

(7)  and  (8).  In  particular,  in  satisfying  the  border 
conditions  for  temperature  0  ,  we  obtain 


C,-Arch(C,V'n 

C,  +  C,V'o  InE,- Arch(C,!,  /2 ). 


(15) 


In  accordance  with  the  existence  of  inverse 
hyperbolic  functions,  we  have 

C,/2>l,  C,!,K2>1.  (14) 

As  will  be  shown  later,  lp^>|  and  the  second 
inequality  will  become  immaterial.  Fulfilling  the 
marginal  conditions  for  speed  u  gives 
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At  ft  rfttult  ftll  the  conttftatft  ftr#  eiqprefttftd  throuiih  Cj^.  In 
order  to  determine  In  the  teeond  relfttlonehlp  of  (15)  we  will  ex< 
elude  C2  end  with  the  help  of  (13)  ftoA  ohteln 


The  selection  of  a  possible  sign  is  limited 
by  the  conditions  of  (18).  From  this,  according  to 
(13),  the  plus  sign  occurs  simultaneously  only  when 


?i>l,  C,>0.  (21) 

In  the  remaining  two  probable  cases  02^0* 
Solving  equation  (20) ,  we  then  find  the  constant 


The  second  solution  0^  -  o*>  is  not  applicable 
since  it  results  in  infinite  values  of  the  temperature. 
It  remains  to  select  the  sign  for  the  constant  C2« 

For  this  purpose  we  will  require  that  the  solution 
we  have  found  provides  a  continuous  limiting  transition 
to  a  flow  regime  with  a  constant  viscosity  ^ 
so  that  when  (x— (i-^O)t  it  would  turn  into 
N.P.  Petrov's  solution  /I,  Because  in  the  given 
I  case  the  value  A-ft  00,  (22)  takes  on  the  appearance 


f 


(23) 


r 


AU 


— 5*) 


-T 


consGQuently  values  and  C2  also  tend  to  proceed 
toward  infinity.  Applying  (23)  in  (1?)  and  (14) 
reives 


B 


V/TCiln5o 


\m 


(24) 


For  ty-e  limit  when  3=0,  0,  according  to  (9),  turns 
to  zero  and  (10)  alon^?  with  the  first  equation  (13) 
results  in  the  relationship 

ch(C,  +  CiKa  (25) 

ch  C| 

From  this  with  the  help  of  (15)  we  visualize  (11) 
as 

a-l  +  4-sh(C,/7ln5) 

2Ci 


or  considering  (24) 


4Cj 


»“Hn  5,|/ln5, » 

«  )• 


(26) 


SO 


r 

If  w«  assuma  that  (i~  1 1  then  using  (2}) 

it  is  passible  to  obtain 

P(i4/l,-l/iJ) -(«„%- 1) 

““  (1-1/?)! 

or  in  the  dimensional  variables  of  (9) 


(«i  ^ ^i) — K — «i)  ^2 


(27) 


which  coincides  precisely  with  N.P.  Petrov's  solution 
/i,  V.  Another  possible  assumption  in  (26)  that 
St  l/{  p:ives  as  a  result  an  expression  which  is 
different  from  (27).  Thus  in  order  to  observe  the 
limiting  transition  to  the  case  of  constant  viscosity 
it  is  necessary  that  |  and  consequently  condition 
(21)  determines  the  identical  selection  of  the  sign  of 
€2*  From  this  it  is  possible  to  draw  the  conclusion 
that  fjS/  is  the  upper  limit  of  the  existence  of  a 
stationary  regime  for  the  flow  which  we  have  examined | 
i.e,,  when'fj^j,  the  heat  which  is  given  off  as  a  result 
of  internal  friction  does  not  succeed  in  passing 
through  the  walla  of  the  cylinders  to  the  outside  and 
creates  the  non-stationary  condition  of  the  flow.  In 
dimensional  terms,  the  limit  of  the  established  regime 
is  expressed  as  follows: 


J 


21. 


(28) 


^T'"r 


Thus  (10)-(13),  (16),  (19),  and  (22)  represent  an  exact 
solution  of  Professor  F.N.  Petrov's  problem  consider- 
inf^  the  influence  of  internal  heat  release  on  the 
process  of  lif^uid  friction*  As  a  result  of  this  the 
liquid  in  the  layer  is  heated  and  the  temperature 
reaches  a  maximum: 


'max 


qa  -  r  •  +  >nW“  • 


(29) 


It  can  be  shown  that  when  ^  (T,  ^  1^)* 

latter  always  takes  place, 

A  trivial  case  cOx  ~  w*  -  vj  Is  obtained 

similarly  to  the  ref^ime  of  constant  viscosity^  for 
formulas  (23)  and  (24)  retain  their  force.  The  un¬ 
limited  nature  of  C2  simplifies  (11); 

u  =  (i4C,thC8  +  C3)5  =  «  h;ih  w*wjr, 

i.e,,  the  entire  layer  moves  as  a  whole. 

In  order  to  portray  the  influence  of  the 
dissipative  factor  on  the  movement  of  a  cylindrical 
layer  of  a  viscous  liquid  we  will  calculate,  on  the 


22 


J 


1 


'i  ( 

basis  of  (4),  the  value  of  the  moment  of  the  frictional 
forces  on  the  internal  cylinder 

M  *■  J  •  2«1C#|. 

0 

The  case  of  a  slide  bearing  which  is  most  interesting 
from  an  engineering  point  of  view  is  characterized 
by  the  parameters  and  I  (smallness 

of  clearance).  Then  (19)  and  (22)  give: 


The  correction  which  is  obtained  for  heat 
transfer  can  be  expressed  by  known  criteria  of  simi¬ 
larity  if  (12)  is  expressed  as: 


I 

i  I 

As  an  example  of  the  practical  employiaent  of 
the  above-developed  theory  numerical  calculations 
were  performed  for  a  bearinp;  with  a  rotor  radius 

*  0.025  m  and  with  cylinder  oil  having  the  following 
thermophysical  characteristics  [2j\ 


=  40^0,  =  0.675  n.sec.m' 


-2 


X«  142.5*10”^  watts  •meters*’^*  degrees"^, 

I®  *  ^.64  n^sec^^m"*^, 

h  «  0.0i^7  degrees’^  C  (gives  an  average  deviation  from 
experimental  values  of  /x  of  5-4$iJ  in  the  temperature 
range  from  15-65°C). 

According  to  (29)  and  (30)  we  obtain  the  results? 

^1  =  Tq  temperature  conditions  of  the 

cylinder  and  bearing),  when  ta,  •  1200  rev/min, 

m  »  0.433,  i.e.,  the  correction  for  heat  transfer 


max 


Of  course 


.  is  equal  to  approximately  57%,  T 
such  an  increase  in  the  temperature  in  the  lubricant 
layer  cannot  be  neglected  since  it  will  lead  to  a 
greater  than  double  decrease  in  the  resistance  moment. 
A  hen  Oil  =  300  rev/min  _m  =  0.913  (correction 


max 


41.5''G. 


''  2.  «  20  C  (different  temperature  conditions 

of  the  cylinder  and  bearing).  a>,  >  1200  rev/min, 
m  «  0.662  (a  correction  of  34%),  ip 


max 


41.5®C. 


It 


is  fully  understandable  that  the  influence  of  the 
thermal  effect  win  decrease  together  with  temperature 


T 


1* 


It  should  be  noted  that  in  the  framework  of 
a  hyberbolic  approximation  of  the  relationship  /<(T), 


-i 


basis  of  (4),  the  value  of  the  moment  of  the  frictional 
forces  on  the  internal  cylinder 

5*  .  ■ 

*0 

The  case  of  a  slide  hearing  which  is  most  interesting 
from  an  engineering  point  of  view  is  characterized 
by  the  parameters  ko^O^to^sO)  and  1  (smallness 

of  clearance)*  Then  (19)  and  (^^2)  gives 


(30) 


The  correction  which  is  obtained  for  heat 
transfer  can  be  expressed  by  known  criteria  of  simi¬ 
larity  if  (12)  is  expressed  as: 


23.  •' 


As  an  example  of  the  practical  employment  of 
the  above-developed  theory  numerical  calculations 
were  performed  for  a  bearing  v;ith  a  rotor  radius 

=  0.025  m  and  with  cylinder  oil  having  the  following 
thermophysical  characteristics  [2j ; 


T  s  40°C,  =  0.675  n*sec»m”^, 

0  ^2 

X  <=  142.5*10“^  watts* meters  •  degrees  , 

2  -4 

P  *  9.64  n.sec  *111  , 

*  ^ 

S  =  0.097  degrees""^  0  (gives  an  average  deviation  from 
experimental  values  of  /x,  of  3-4%  in  the  temperature 
range  from  15-65°C). 

According  to  (29)  and  (30)  we  obtain  the  results: 

1.  T-j^  *  Tq  (same  temperature  conditions  of  the 
cylinder  and  bearing).  !?/hen  ci>,  ■  1200  rev/min, 

m  »  0.433,  i.e.,  the  correction  for  heat  transfer 

is  equal  to  approximately  57%»  \ax  “  52.5®C.  Of  course 

such  an  increase  in  the  temperature  in  the  lubricant 

layer  cannot  be  neglected  since  it  will  lead  to  a 

greater  than  double  decrease  in  the  resistance  moment, 

'.Vhen  coi  =  500  rev/min  .m  =  0.913  (correction 

T  ■  »  41.5°C. 
max  ^ 

2.  *  20  C  (different  temperature  conditions 
of  the  cylinder  and  bearing).  ■  1200  rev/min, 

m  »  0.662  (a  correction  of  3^%),  »  41.5°C,  It 

is  fully  understandable  that  the  influence  of  the 
thermal  effect  will  decrease  together  with  temperature 

^1* 

It  should  be  noted  that  in  the  framework  of 
a  hyberbolic  approximation  of  the  relationship 


the  d^trlbutlpn  of  speeds  and  temperatures  In  a  layer, 
as  is  not  difficult  to  show,  is  expressed  by  Bessel's 
function  with  the  argument  const  ICJ/^  •  Therefore, 
the  problem  under  ^consideration  cannot  be  solved  for 
the  general  case.  It  is  only  in  the  particular  case 
of  a  small  clearance  between  cylinders  that  one  can 
finally  find  A/  all  arbitrary  constants  from  the  four 
marginal  conditions. 

Symbols 

r,  9  ,  and  z  are  the  radial,  angular  and  axial 
(directed  along  the  common  axis  of  the  cylinders) 
cylindrical  coordinates;  V^,  Vq,  ,  and  V^.  are  the 
component  speeds  in  the  corresponding  directions; 
p  is  the  density;  p  is  the  pressure;  I  is  the  mechan¬ 
ical  equivalent  of  heat;T  is  the  stress  of  the  .  internal 
friction  in  the  layer;  is  the  resistance  moment  of 
the  cylinder  in  the  assumed  case  where  «  const; 

Ga  is  the  Galileo  number;  K  is  the  specific  heat 
content  per  unit  of  length  of  the  periphery  of  the 
cylinder;  and  Cp  is  the  thermal  capacity. 

Summary 

The  stationary  flow  of  a  viscous  liquid  in 
an  arbitrary  space  between  rotating  coaxial  cylinders 
of  infinite  length  is  studied  and  the  relation'^hip 
between  the  temperature  and  friction  heat  and  viscosity 
of  the  flow  is  taken  into  account.  The  law  of  this 
relationship  is  assumed  to  be  exponential.  Then  the 
problem  is  reduced  to  the  integration  of  a  non-linear 
jequatlon.  This  integration  is  performed  rigorously 
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and  all  ths  boundary  conditions  are  satisfied  completely. 
As  a  result  a  closed  riniorous  solution  is  obtained 
for  The  esse  of  constant  temperatures  of  cylinders, 
and  the  limits  of  the  ;^iven  stationary .  flow  conditions 
are  shown,  A  comparison  is  made  with  the  case  of 
constant  viscosity. 
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AR  IWVESTiaATIOlf  OP  THE  IHPLOENCE  OP  THE 
DIAMETER  OP  A  PIPE  OH  THE  SIZE  OP  THE 
CRITICAL  THERMAL  LOAD  PGR  BOILING  WATER 


R.A.  Rybln 

Central  Boiler  -  Turbine 

Institute  imeni  I. I. 

Polzunov,  Leningrad 

Hesults  are  given  of  the  experimental 
investigation  of  the  influence  of  the 
diameter  of  a  pipe  on  the  size  of  the 
critical  thermal  load  for  gravimetric 
velocities  of  water  of  from  16,000  to 
70,000  n»m  ‘sec  ,  steam  content  at  the 
outlet  from  the  pipe  of  up  to  10%  by- 
weight,  and  a  pressure  of  101,3«10*n»m"*. 

There  is  a  small  number  of  published  works  in 
which  a  special  study  was  made  of  the  influence  of 
the  diameter  of  a  channel  on  the  size  of  the  critical 
thermal  load  /5,  7»  9»  1Q7.  In  particular,  the  influ¬ 
ence  of  diameter  on  the  critical  thermal  flow  q  when 

“cr 

water  is  flowing  in  vertical  pipes  at  a  temperature 
below  the  saturation  temperature  and  at  a  pressure  of 
25.4«10^n«m  ^  was  investigated  in  work  it  was 

found  that  with  a  decrease  of  the  diameter  from 
4  to  1  nun  the  critical  thermal  flows  increase,  but 
with  a  change  in  diameter  from  4  to  6  mm  they  remain 
unchanged.  In  work  it  was  not  noted  that  the  dia¬ 
meter  of  the  pipe  influenced  for  changes  of  diameter 
from  4  to  12  mm  and  at  pressures  of  P  -  (101. 3-202.6) 'lO^ 
n»m  .  As  in  work  tests  were  conducted  on 

I  water  which  was  not  heated  to  the  saturation  temper- 


I 

ature. 

In  investi'2:atin3  critical  tharoal  flows  in^flat 
slotted  channels  /V  at  a  pressure  of  145*10^n*m"  , 
the  authors  came  to  the  conclusion  that  a  change  in  the 
width  of  a  slot  from  1.4  to  2.5  n®  does  not  ?ffect 
the  size  of  the  critical  thermal  load. 

V.S.  Chirkin  and  V.P.  Yukin  /iQ/  conducted  tests 
with  rinp;  apertures  on  water  which  was  not  heated  to 
the  saturation  temperature  and  at  a  pressure  close  to 
atmospheric  pressure.  They  established  that  a  change 
in  the  width  of  the  aperture  space  from  0.5  to  2.5  nm 
increases  the  critical  thermal  flow.  liirther  increase 
in  the  width  of  the  aperture  up  to  5  mm  has  no  in¬ 
fluence  on  q^j,. 

From  this  short  list  of  works  it  is  apparent 
that  the  question  of  the  influence  of  the  diameter  of 
a  channel  on  the  magnitude  of  the  critical  heat  flow 
has  been  studied  insufficiently  and  requires  further 
investigation. 

We  conducted  an  investigation  of  the  influence  of 
the  diameter  of  a  pipe  on  the  magnitude  of  the  critical 
thermal  load  for  the  flow  of  a  water-steam  mixture  with 
a  gravimetric  steam  content  at  the  exit  of  the  channel 
of  up  to  10%,  gravimetric  flow  speeds  of  T  a>p»  (1.6- 
7.0)lo\*m”^sec“^,  and  pressure  in  the  circuit  of 
101.3»10^n*m”^.  The  tests  were  conducted  in  an 
experimental  unit  consisting  of  a  closed  circulating 
system  with  forced  circulation  (Figure  1). 


Figure  1,  Diagram  of  the  experimental  unit. 

1  —  circulating  pump;  2  —  measuring  diaphragm; 
3  —  regulating  valves;  4  —  heaters;  5  « 
wattmeter;  6  —  refrigerator  condenser; 


7  “  experiiTiental  section;  8  —  ion  exchange 
filters;  9  —  deaerator;  10  —  autotransformer; 

11  __  power  transformer;  12  —  differential 
manometers;  13  —  master  manometer;  14  —  feeder 
pump. 

The  experimental  section  and  also  the  heater 
ard  vaporizer  were  heated  with  A.C.  current.  The  heated 
part  of  each  experimental  section  was  preceded  by  an 
unheated  hydrodynamic  stabilization  section  250  mm 
lone?;.  The  tests  were  conducted  in  tubes  with  internal 
diameters  of  2.05,  5.8,  5.5,  6.3,  7.6,  and  10.2  mm. 

The  relative  lenf^th  of  all  investigated  pipes  was 
equivalent  to  40  diameters.  This  latter  situation  was 
caused,  first  of  all,  by  the  fact  that  according  to 
the  results  of  some  experiments  Sj  where  1/d  ■ 

15-20,  the  relative  length  does  not  affect  the  size  of 
the  critical  thermal  load  and,  secondly,  by  the  desire 
to  have  water  at  the  intake  into  the  experimental 
section  which  was  not  heated  to  the  saturation 
temperature  while  the  steam  content  at  the  outlet  was 
ICP/o* 

Method  of  measuring  and  of  conducting  the  tests. 
In  the  course  of  conducting  the  tests  the  expenditure 
of  water  was  measured  through  the  use  of  a  throttle 
piece;  the  temperature  of  the  water  at  the  input  and 
of  the  steam-water  mixture  at  the  outlet  from  the 
experimental  section  were  measured  with  chromel-alu- 
minum  thermocouples  placed  in  mixing  glasses;  the 
pressure  of  the  water  before  the  test  section  was 
measured  with  a  master  manometer;  and  the  electric 


power  supplied  to  the  experimental  tube  was  measured 
with  a  wattmeter.  The  onset  of  a  crisis  was  gauged 
by  the  reddening  of  the  tube.  With  this  the  load  was 
thrown  off  from  the  tube.  However,  there  were  cases, 
mostly  for  small  diameter  tubes  (5»5»  3*8,  and  2.5  mm) 
when  the  load  could  not  be  thrown  off  and  the  pipe 
ruptured.  The  reddening  always  occurred  in  the 
upper  part  of  the  pipes. 

Results  of  tests.  In  analyzing  the  test  data 
the  steam  content  at  the  outlet  from  the  operating 
tube  which  was  determined  from  the  thermal  balance 
equation  was  taken  as  the  critical  steam  content  x. 
The  critical  thermal  flow  was  determined  from  the 
formula 

ird/ 

In  connection  with  the  fact  that  the  transition 
from  bubble  boiling  to  pellicular  boiling  is  a 
consequence  of  a  profound  hydrodynamic  reconstruction 
of  the  flow  SJt  it  is  preferable  to  relate  the 
change  in  value  of  the  critical  thermal  load  not  to 
the  gravimetric  steam  content  x  but  to  the  true 
volumetric  steam  content  (p  *  Because  the  question  of 
the  determination  of  (p  for  a  broad  range  of  pressures, 
velocities,  and  steam  contents  is  in  the  study  stage, 
it  is  possible,  based  on  works  /I,  2/,  as  a  first 
approximation  to  use,  rather  than  ;p  ,  the  value  of  the 
volumetric  expended  steam  content  /3  ,  inasmuch  as  in 
the  area  ^  -  0-0.85,  the  value  9  is  proportional  to 
fi  ,  which  is  found  from  the  formula 


31^ 
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The  tests  showed  that  with  a  decrease  in  the 

diameter  of  the  pipe  in  the  range  of  changes 
perameters  p  and  T'a-.  under  study,  the  critical  thermal 

load  increases. 

The  initial  test  data  (such  a  treatment  was  used 
earlier  hy  other  authors)  for  -  f(  P  )  different 
values  of  yU.  and  d  was  treated  as  follows  (Pisure  d)i 

•  Pcr*^’’  =  a  +  h^. 

coefficients  a,  b,  and  n  depend  on  T«.- 

line  is  drawn  by  the  smallest  squares  method.  A 

comparison  of  the  values  of  q^^d  •  f(  ^ 
different  values  of  tV.  in  the  range  under  consider¬ 
ation  shows  that  in  the  given  area  of  change  of  grav  - 
metric  velocities  and  steam  contents  the  “ 

-r'».  on  q(,p  is  nettliRible.  This  makes  it  possible  to 

obtain  the  relationship 

which  generalizes  the  results  of  our  tests  with  a 
spread  of  +2C^a  (Figure  5). 
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Pigure  2.  Helationship  of  the  critical  thermal 
load  to  the  volumetric  expended  steam  content 
for  tubes  of  different  diameters  when 
TWp  -  45,000  n*m’^»sec’^. 

1  —  d  -  2.05  mm;  2  —  5.8;  3  —  5.3; 

4  —  6,3;  5  --  7.7;  6  —  10.2. 


Figure  3.  Helationship  of  the  critical  thermal 

load  to  the  volumetric  expended  steam  content 

/  4-2-1 

when  TWj  ■  (1.6.*7.0)10  n*m  'sec  and  the 

tube  diameters  are  as  shown  in  Figure  2. 


( 


'*■  '"11 


The  empirical  formula  which  describes  the  curve 
shown  in  Figure  3  is  «  (6.0-3*05/5  )d^*^10^. 

The  graph  in  Fif^re  4  is  an  attempt  to  general¬ 
ize  the  data  on  the  influence  of  the  diameter  of  a 
channel  on  the  value  of  the  critical  thermal  load 
using  the  criteria  of  the  system  proposed  by 
S.S.  Kutateladze  /67  /See  Kote^.  The  expended 
volumetric  steam  content  /3  is  taken  as  the  parameter 
which  determines  the  influence  of  steam  content. 

/5jot€i/:  The  influence  of  the  criterion 
^  ^  the  c  ase  being  considered  (water  at 

F  -  (100-180)10^n*m“^) ,  according  to  the  data  of 
V.M.  Borishanskiy  /ll7,  can  be  neglected. 


I 


Figure  4.  Relationship  of  criterion  K  to 

when  K  ,  =  40  and  /3  «  0.6. 

^  -2 

1  —  ci  «  15  mm,  P  =  101.3*10^  n*m  ; 

2  —  d  *  &.P,  9.7,  and  5.3  mm,  P  -  151.9*10^ 

3  —  a  -  (2.05-10.2)  mm,  P  -  101.3*10^ 
n*m"^  (all  Central  Boiler-Turbine  Institute); 
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4  —  d  «  8.2  mm,  P  ■  (101. 3»  162.8,  and 

182.3)10^  n*m"^  /iQ/;  5  —  aperture  ■  2,46  mm, 
P  ■  143*10^  a»m”^  /V;  6  —  d  ■  3  mm,  P  ■ 
101.3*10^  n*m“^  A/. 

The  graph  in  Figure  4  contains  test  data  from 
a  number  of  authors  /3»  4,  and  IQ/  for  one  value  of 
criterion  ■  40  and  ^  -  0.6.  Criterion 


The  lack  of  a  sufficient  amount  of  test  data  for 
tubes  of  various  diameters  for  different  pressures, 
steam  contents,  and  velocities  made  it  impossible  to 
construct  similar  curves  for  other  values  of  the 
criterion  and  the  parameter  ^ . 

From  the  graph  it  is  apparent  that  with  a 


decrease  of  the  criterion 


the  value 
-1 


of  the  criterion  K  -  <lQp(5600r  9Cr'  ) 

increases.  This  under  other  equal  conditions  gives 
evidence  of  the  increase  of  the  critical  thermal  load 
with  a  decrease  in  the  diameter  of  the  channel.  The 
path  of  the  curve  K  ■  f(K^)  provides  a  bnsis  for 
assuming  that  for  values  of  criterion  greater  than 
10,  the  latter  will  cease  influencing  K.  This  conclu¬ 
sion  is  supported  qualitatively  by  works  A/  /X\/ • 

The  nature  of  the  influence  of  channel  diameter 
on  the  value  of  the  critical  thermal  load  apparently 
can  be  explained  by  the  fact  that  with  a  decrease  in 
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Flhe  channel  diameter  the  characterisitic  size  of  the 
freely-^formed  steam  phase  decreases  due  to  the  action 
of  the  h,ydravilic  pressure  of  the  flowing  liquid.  In 
this  the  portion  of  the  heating  surface  which  is  in 
simulta^ieous  contact  with  the  steam  decreases;  this 
increases  the  stability  of  the  two-phase  surface  layer 
£llj»  In  order  under  these  conditions  to  break  down 
the  stability  of  the  surface  two-phase  layer*  it  is 
necessary  to  increase  the  number  of  steam  formation 
centera  which  are  participating  in  the  process. 

Under  other  equivalent  conditions  the  latter  is 
achieved  by  increasing  the  thermal  load. 

Symbols 

1  — •  heated  length  of  the  operating  pipe; 
d  —  internal  diameter  of  the  operating  pipe*  q^^ 
critical  thermal  flow  (load);  w^  —  speed  of  circu¬ 
lation  (speed  of  the  water  at  the  saturation  tempera¬ 
ture);  electric  power  measured  in  the  operating 

section. 


Summary 

The  effect  of  the  chamber  diameter  on  the 
thermal  load  at  the  transition  of  bubble  boiling  to 
film  boiling  is  examined.  The  experiments  were  carried 
out  in  a  circuit  with  forced  water  circulation. 

During  the  experiments  the  weight  rate  changed 
from  17,000  to  70,000  n*m"^.sec“^;  vapor  content 
variations  at  the  outlet  were  up  to  1096;  the  channel 
diameter  was  from  2  to  10  mm  and  the  pressure  was 
maintained  at  101.5'10^n.m-2.  The  relative  length  of  j 

I _  * 
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'  the  pipes  was  1/d  ■  40* 

The  ohannsl  diameter  was  found  to  haws  an 
Important  Influence  on  the  critical  load. 

An  empirical  formula  was  obtained  which  makes 
it  possible  to  estimate  the  effect  of  the  channel 
diameter  on  the  critical  thermal  load  over  the  range 
of  parameter  changes  under  study. 
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KIBASUREKENT  OF  THE  TBMEBRATURB 
OF  AN  ARC  JET 

Ye.V.  Garkavyy 

Results  are  given  of  the  measure¬ 
ment  of  the  temperature  at  the  axis  of 
an  arc  Jet  and  of  the  temperature 
distribution  along  a  radius  as  related 
to  certain  parameters  of  the  discharge 
by  means  of  a  determination  of  the 
relative  intensities  of  spectral  lines 
and  through  an  investigation  of  the 
hydrogen  line  contours  of  the  Balmer 
H|)  series. 

Over  the  course  of  a  number  of  years  high 
temperature  gas  jets  obtained  through  high  current 
arc  discharges  have  been  a  subject  of  very  broad 
study.  Recently  they  have  also  come  under  spectro¬ 
scopic  investigation.  This  has  been  based,  first  of 
all,  on  the  fact  that  high  temperature  jets  are  of 
great  interest  in  theoretical  and  applied  spectroscopy, 
as  a  new  source  of  light  and,  secondly,  on  the  ne¬ 
cessity  of  measuring  one  of  the  basic  parameters  which 
characterize  arc  jets  —  temperature.  Spectroscopic 
methods  of  measuring  temperature  make  it  possible  to 
determine  not  only  a  local  value  of  an  indicated 
parameter  at  some  point  in  the  jet  but  also  make  it 
possible  to  find  the  temperature  distribution  for 
a  cross  section  and  along  the  length  of  the  jet,  which 
in  a  number  of  cases  is  a  matter  of  considerable 
{interest. 


In  this  vvork  tbe  object  of  our  research  was  a 
hif;h  temperature  arc  which  was  obtained  with  the 
help  of  a  nitrosen-stabilized  high-current  D*C.  arc 
discharge.  Such  units  have  already  been  described 
in  publications  /I,  2/.  It  is  necessary  to  note  only 
that  a  graphite  cathode  and  a  copper  anode  served  as 
the  electrodes.  A  cylindrical  aperture  in  the  anode 
served  as  an  outlet  for  the  jet  into  the  atmosphere. 

The  stabilizing  gas  was  fed  into  the  discharge  chamber 
tangentially  to  the  interior  surface. 

The  spectra  of  the  jet  were  recorded  with  the 
help  of  ISP-28  and  ISP- 51  spectrographs.  The  cross 
section  of  the  jet  was  sharply  directed  at  slits  in  tho 
spectrographs  at  a  distance  of  2-3  mm  from  the  outlet 
aperture.  The  focusing  of  the  cross  section  of  the  jet 
at  a  slit  of  a  spectrograph  made  it  possible  to  find 
the  temperature  distribution  along  the  radius  of  the 
jet  according  to  the  distribution  of  intensity  across 
the  spectrum.  This  was  accomplished  by  recomputing 
the  measured  intensities  of  spectral  lines  taken  for 
the  lateral  profile  to  find  the  radial  distribution* 

The  coefficients  cited  in  work  /3/  were  used  for  the 
re computation. 

The  dispersion  of  the  spectrographs  in  the  area 
of  line  Hp  amounted  to  ^0  A/mm  for  the  ISP-51  and 
65*5  A/rom  for  the  ISP-28 »  which  made  it  possible  to 
determine  with  sufficient  accuracy  the  half -width  of 
the  line  which  had  been  changed  in  our  tests  in  the 
range  from  15  to  70  depending  on  the  temperature  of 
the  jet. 

.  The  method  of  measuring  the  temperature  according-.! 


to  the  broadenin??  of  line  Hp  consisted  of  the  following. 
Based  on  the  experimentally  measured  half-width  of 
line  (AX)^»  9  determination  was  made  of  the  normal 
intensity  of  the  field 

p. .  (A  A^h 

'  •  a 

The  coefficient  a  was  taken  from  the  theoretical 

/ 

contour  of  line  Hp  as  calculated  by  Griem,  Kolb,  , 

and  Shen  /V*  according  to  the  formula 

the  density  of  charged  i.articles  n  was  calculated 
where,  in  accordance  with  the  theory  of  Griem,  Kolb,  ■ 
and  Shen,  n  «  n^  »  nj.  Having  thus  determined  the 
electron  density  and  keeping  in  mind  the  fact  that 
the  admixtures  of  graphite  and  copper  in  the  jet  do 
not  exceed  2-5%,  it  is  possible  with  a  sufficient 
degree  of  accuracy  to  find  the  temperature,  using  the 
relationship  of  the  electron  density  to  the  temperature 
for  pure  nitrogen  *  Because  the  escape  of  the  jet 
occurred  into  the  atmosphere,  for  this  purpose  the 
relationship  of  n^  to  T  for  a  pressure  of  9.8*10 
was  used. 

The  values  of  the  temperature  which  were 
calculated  for  the  broadening  of  line  Hp  were  com¬ 
pared  with  the  results  of  measuring  the  temperature 
according  to  the  relative  intensities  of  the  spectral 
lines.  For  measuring  the  temperature  according  to 
Ornshteyn's  method,  lines  of  one-time  ionized  carbon 
of  2509,  2512,  and  2656-37  A  were  used.  The  probabi- 
litie$/of  transitions  for  these  lines  were  taken  from 
I  Maecker  *  The  formula  for  calculating  the  temper-  J 
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aturt  was 
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In  determining  the  temperature  according  to  the  re¬ 
lative  Intensity  of  the  spectral  lines  it  was  assumed 
that  there  was  local  thermodynamic  equilibrium  in  the 
Jet;  this  was  checked  by  us  and  found  to  exist  as 
a r plied  to  an  arc  Jet  tlJ • 

The  temperature  values  which  were  calculated 
from  the  same  spectrum  according  to  the  CII  lines 
and  the  half-width  of  line  correspond  well  with 
each  other  as  can  be  seen  from  the  table*  The  measure¬ 
ment  of  the  temperature  according  tp  the  broadening 
of  line  in  the  presence  of  small  admixtures 
obviously  is  more  dependable  than  measuring  according 
to  the  relative  intensity  of  spectral  lines.  This  is 
based  on  the  fact  that  the  probabilities  of  transitions 
for  spectral  lines  are  not  known  with  sufficient 
accuracy.  For  lines  CII  which  were  used  in  this  work 
the  probabilities  of  transitions  were  determined  with 
an  error  of  20-25%,  which  can  cause  an  error  in 
measuring  the  temperature  of  up  to  55%»  On  the  other 
hand,  the  half-width  of  line  Hjv  can  be  determined 
with  an  error  of  a  few  percent  which  could  cause  an 
error  in  the  temperature  value  on  the  order  of  10%, 
Unfortunately  the  upper  limit  of  the  temperatures 
which  can  be  measured  in  arc  Jets  from  the  broadening 
of  hydrogen  lines  is  approximately  16, 000-18, OOO^K; 
over  this  value 'the  determination  of  the  temperature 
becomes  ambiguous  in  view  of  the  decrease  in  electron 


-1 


density  whi.ch  occurs  with  further  increase  in  the 
temperature  because  of  'thermal  expansion. 

Table 

Comparison  of  temperatures  measured  by 
and  by  CII  lines 


Temperature  at  the  axis  of  the  jet, 


ByHj 

By  CII 

2509  A  _ 

2512  A  ^ 

2836  , 

37  1 

2836 

37  A 

15450 

16300 

15550 

15750 

17000 

17500 

16850 

17100 

14500 

14800 

13950 

14400 

15800 

17000 

16250 

16350 

14400 

14000 

14800 

14400 

The  value  of  the  temperature  at  the  axis  of  the 
;jet  and  especially  the  natiire  of  the  temperature 
distribution  along  the  radius  of  the  jet  depend 
essentially  on  the  parameters  of  the  discharge  and  the 
I  geometry  of  the  discharge  chamber.  In  experiments 


on  Uetermlnins  the  relationship  of  the  temperature  on 
the  axis  of  the  Jet  to  the  power  which  is  applied  to 
the  disch-(rF;e  (Figure  1),  the  length  of  the  anode  was 
constant  and  was  equal  to  ^0  mm  and  the  diameter  of 
the  outlet  aperture  varied  from  12  to  15  mm,  which  had 
no  significant  effect  on  the  value  of  the  axial 
temperature.  The  temperature  distribution  along  the 
radius  of  the  Jet  under  these  conditions  was  parabolic; 
as  can  be  seen  from  Figure  2 ,  the  higher  the  temperature 
is  at  the  axis  of  the  Jet,  the  steeper  will  be  the 
parabola.  If  at  a  temperature  of  14, 000-15 |000^£ 
the  temperature  distribution  curve  corresponds  to  a 
parabola  of  the  third  degree,  then  for  18,000^  at 
the  axis  it  is  close  to  a  quadratic  parabola.  ' 


Figure  1.  RelatlOMhip  of  the  tenperature  T(^K)  at  the 
axis  of  a  Jet  to  the  power  N  (watts)  which  is  applied 
to  the  discharge  for  two  different  expenditures  of 
stabilizing  gas. 

1,  2  —  0  »  5.6;  6.5  (g»sec“^) 
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Figure  2.  Distribution  of  temperature  T(®K) 
along  the  radius  of  a  Jet  r  (mm) 
a,  b,  c,  d  —  N  -  25O;  160;  255;  269*10^  (watts); 
G  -  6,55;  6,5;  10,75;  13.6  (g*sec"^);  d  -  12; 

12;  13,7;  15.5  (mo)  accordingly;  1-50  mm  for 
a,  b,  and  c  and  100  mm  for‘d. 


'j’he  temperature  distribution  acquires  a  completely 
different  character  in  the  case  of  an  Increase  in  the 
expenditure  of  stabilizinfr  gas  to  11-14  g'sec"^  when 
the  geometry  of  the  discharge  chamber  remains  unchanged. 
In  this  case  the  maximum  temperature  is  displaced 
approximately  3  mm  from  the  center  and  a  temperature 
dip  appears  at  the  jet  axis  which  increases  as  the 
expenditure  of  stabilizing  gas  rises.  The  lowering  of 
the  temperature  at  the  axis  of  the  jet  is  rather 
considerable.  For  an  expenditure  of  nitrogen  of 
14.5  g*sec"^,  for  example,  the  depth  of  the  dip,  i.e., 
the  difference  between  the  maximum  and  axial  temper¬ 
atures,  reaches  4,000-5,000®K. 

Both  the  appearance  of  the  dip  and  some  asymmetry 
in  the  temperature  distribution  along  the  radius  of 
the  jet  are  based  apparently  on  the  intensification  of 
the  twisting  of  the  jet  during  the  increase  in  the 
expenditure  of  the  stabilizing  gas  which  is  fed  into 
the  discharge  chamber  tangentially  to  the  internal 
surface.  The  influence  of  the  twisting  depends  signi¬ 
ficantly  on  the  geometry  of  the  discharge  chamber  and 
in  particular  on  the  length  of  the  anode  and  the 
diameter  of  the  outlet  aperture  (Figure  5).  As  is 
apparent  from  the  graph,  the  temperature  dip  should 
lessen  with  an  increase  in  the  anode  length  and  the 
diameter  of  the  outlet  aperture  at  the  anode  for  an 
unchanging  expenditure  of  the  stabilizing  gas  and 
should  disappear  completely  in  the  straight -line 
portion  of  the  curve.  And  actually  when  the  length 
of  the  anode  is  increased  from  50  to  100  mm  and  the 
l^expenditure  of  gas  remains  unchanged,  as  does  the  .  J 


diameter  of  the  outlet  aperture,  the  temperature  dip 
at  the  axis  of  the  jet  does  disappear  and  the 
temi^erature  distribution  again  assumes  the  shape  of  a 
parabola  (Figure  2d).  In  this  case  the  jet  temperature 
is  lowered  somewhat  and  the  temperature  profile  becomes 
fuller  than  in  the  case  of  a  short  anode.  The 
temperature  distribution  curve  which  is  given  in  Figure 
2d  corresponds  approximately  to  a  parabola  of  the 
fourth  degree.  This  effect  can  apparently  be 
explained  by  the  fact  that  in  a  long  anode  there  is 
better  mixing  of  the  cold  and  hot  gas.  In  addition 
there  is  also  the  not  completely  excluded  influence  of 
the  twisting.  The  flattening  of  the  temperature 
profile  for  an  increase  in  the  length  of  the  anode 
can  also  be  explained  in  part  by  the  change  in  the 
cooling  conditions  (increased  removal  of  heat). 


Figure  3.  Relationship  of  the  ratio  of  the 

maximum  temperature  T__„  to  the  temperature 

lUcLX 

at  the  axis  6f  the  jet  with  respect 

to  the  parameter  G/dl  (g*sec”^*cm“^). 
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All  these  phenomena  of  course  require  further 
invest if?at ion.  However,  it  is  now  possible  to  conclude 
that  by  selecting  certain  discharge  parameters  and  a 
certain  geometry  for  the  discharge  chamber  it  is 
possible  for  some  interval  of  temperatures  to  obtain 
a  jet  arc  with  a  selected  temperature  distribution 

along  the  radius. 

Symbols 

T  —  temperature  of  the  jet;  n^  —  electron 
density;  —  ion  density;  e  —  electron  charge; 

E  —  excitation  level  energy;  K  —  Boltsman's  constant; 
g  —  statistical  weight  of  the  level;  X-  wave  length; 
A  —  probability  of  transition;  I  —  relative  intensity 
of  a  spectral  line;  G  —  expenditure  of  stabilizing 
gas  (nitrogen);  N  -  discharge  power;  d  -  diameter  of 
the  outlet  aperture;  1  —  length  of  the  anode. 

Summary 

The  relationship  of  the  temperature  of  the 
axis  of  an  arc  jet  to  the  discharge  power  (Figure  1) 
is  determined.  Temperature  distributions  with  respect 
to  jet  radius  are  plotted  and  discussed  for  various 
discharge  parameters  (Figure  2).  The  results  of 
temperature  measurements  obtained  by  two  different 
methods  are  compared. 
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FLUCTUATIOI^  OP  TEMPERATIKE  AND  THERMAL 
STRESSES  IN  A  TURBINE  BLAIE  DIBING  PERIODIC 
CHANGES  OF  GAS  TEMPERATURE 

Ye.P.  Plotkln  and  Ye. I.  Molchanov 
All-Union  Thermal  Engineering  Inatitute 
imeni  F.E.  Dzerzhlnakiy,  Moscov 

On  the  basis  of  the  methods  of 
approximate  calculation  simple  relation¬ 
ships  have  been  derived  for  evaluating 
temperature  fluctuations  of  a  blade  and 
results  are  p^iven  of  the  calculation 
•  of  thermal  stresses  which  occur  in  blades 
during  fluctuations  of  gas  temperature. 


In  the  process  of  operating  gas  turbine  units 
one  often  encounters  regimes  where  the  rotor  and 
stator  blades  are  under  conditions  of  periodically 
changing  gas  temperature.  Considerable  fluctuations 
in  the  gas  temperature  can  occur  because  of  the  un- 
stable  operation-  of  the  combustion  chamber  or,  during 
transitional  stages,  because  of  a  change  in  the  pov/er 
of  the  gas  turbine  unit.  In  this  the  amplitude  of  the 
fluctuations  can  exceed  by  several  times  the  difference 
of  the  gas  temperatures  of  the  initial  ana  final  heat 
regimes. 

The  gas  temperature  fluctuations  cause  corres¬ 
ponding  fluctuations  in  the  blade  temperatures, 
especially  of  the  thin  edges  v^hich  warm  and  cool 
considerably  faster  than  the  bulky  center  part  of  the 
blades.  The  resulting  unevenness  in  the  temperature 
throughout  the  cross  section  of  a  blade  can  be  the  reason 


for  the  appearance  of  thermal  stresses.  It  is  a  matter 
I  of  great  practical  interest  to  evaluate  the  change  ^ 


r  “I 

in  temperature  and  in  thermal  strefises  in  blades  with 
tbe  purpose  of  discovering  the  effect  of  gas  teraper- 
ature  fluctuations  on  the  strength  of  blades  which 
are  operating  under  conditions  of  high  temperatures 
and  stresses* 

The  difficulty  of  solving  a  non-stationary 
problem  of  thermal  conductivity  concerning  the  distri¬ 
bution  of  temperature  in  a  blade  means  that  one  cannot 
obtain  an  analytical  expression  which  is  suitable  for 
concrete  analysis.  However,  it  is  possible  to  use  the 
method  of  the  approximate  calculation  of  the  blade 
temperature  for  a  non-stationary  regime  /!/  in  order 
to  discover,  with  a  degree  of  accuracy  which  is  suffi¬ 
cient  for  practical  application,  the  effect  of  various 
factors  such  as  the  profile  of  the  cross  section  of  the 
blade,  the  conditions  of  heat  transfer,  the  physical  * 
properties  of  the  blade  metal,  the  period  and  amplitude 
of  the  gas  temperature  fluctuations,  etc. 

At  the  basis  of  the  method  of  approximate 
calculation  is  the  assumption  that  in  the  heating  of 
the  blade  the  main  flow  of  heat  is  normal  to  the 
surface  and  that  the  flow  of  heat  along  the  skeletal 
line  of  the  cross  section  is  small  and  can  be  neglected. 
This  makes  it  possible  to  consider  each  section  of  a 
blade  cross  section  as  a  plate  with  a  thickness  of 


^  ■  2h, 

A  comparison  of  an  approxiinate  solution  with 
an  exact  one  [\J  obtained  on  a  hydraulic  integrator 
shows  that  our  assumption  does  not  lead  to  a  signifi¬ 
cant  error  for  practically  encountered  conditions  of 


( 
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heart  transfer  and  the  physical  properties  of  blade 
material# 

For  a  plate  which  has  heat  transfer  from  two 
sides  it  is  possible  to  establish  the  equation 


Jt 

dr 


=■  kftj-t), 


(1) 


where  k 


The  coefficient 


which  is  introduced 


into  criterion  k  and  which  characterizes  the  in¬ 
equality  of  distribution  of  the  temperature  through¬ 
out  the  plate,  according  to  the  theory  of  regular 
operation,  is  approximately  equal  to  (j>»6  (i+a/af. 

Let  us  examine  equation  (1)  for  change  in  gas 
temperature  according  to  the  harmonic  law 


t#  -  to  -h  to  Sin  Z  n 


T* 


(2) 


Introducing  the  dimensionless  temperature  of 
the  plate  ^  we  obtain  the  equation 


+  =  .  (5) 

dx  T 

Let  us  accept  fe  »  const  in  the  solution,  i.e., 
we  will  not  consider  the  change  of  a  ,  c,  and  T  with 
the.  change  of  temperature  and  time,  and  let  us  accept 
I  the  value  of  f  as  being  unchanged.  The  solution  of 


equation  (5)  takes  on  the  form 


e 


sin  (2«  t/D  (2n/kT)  cos  {2icx/T) 
H-  (2fc/kT)* 


-!-i4exp(— *t), 


where  tbe  constant  A  is  easily  determined  from  the 
initial  condition.  For  larf^e  values  of  z  the  second 
member  of  the  solution  approaches  zero  and 


Thus  from  solution  (5)  it  follows  that  the 
averai^e  temperature  of  the  plate  t  performs  a  simple 
harmonic  fluctuation,  the  phase  of  which  does  not 
coincide  with  the  phase  of  the  fluctuation  of  the  gas 
temperature 

t  -  t©  T  xM  /  (6) 

where  the  amplitude  of  the  fluctuations 

*  •  *g  I '  +  (1^)  i  ", 

and  the  displacement  of  the  phase  of  the  fluctuations 


As  is  apparent  from  (7)  and  (8),  the  relative 
arplitude  of  the  temperature  fluctuations  of  a  plate 
®  =  and  the  an?5le  of  the  displacement  of  the  phase 
<p  depend  on  the  paraineter 


Based  on  relations  (7)  and  (8)  it  is  possible 
to  calculate  the  temperature  fluctuations  of  different 
parts  of  a  blade,  for  example,  the  edges,  considering 
them  as  plates  with  a  corresponding  thickness  h  ■  2h, 

The  calculation  of  specific  variants  makes  it 
possible  to  learn  the  effect  of  various  factors.  Prom 
an  analysis  of  the  curves  (Figure  1)  of  the  relationship 
§*  t/t^  to  the  thickness  h  and  the  fluctuation 
period  T  it  is  clearly  apparent  that  even  for  relatively 
high  values  of  the  coefficient  of  heat  transfer 
(am  1163  watts^meters  ’degrees  ),  fluctuations 
with  8  period  of  less  than  0.5  sec  will  have  little 
effect  on  the  temperature  of  a  blade.  This  means  that 
pulsations  of  the  gas  temperature  behind  the  combustion 
chamber  of  high  and  medium  frequency  (10  cycles  or  more) 
are  of  no  danger  with  respect  to  the  strength  of  the 
blades  of  a  gas  turbine.  Low  frequency  fluctuations 
of  t  (1.5-5  cycles)  behind  the  combustion  chamber 
affect  only  the  temperature  of  very  thin  edges 
(about  0.5  nun),  and  in  this  the  amplitude  of  the 
temperature  fluctuations  of  the  edges  can  be  15% 
from  the  amplitude  of  the  fluctuations  of  the  gas 
temperature. 


Fii^re  1.  Relationship  of  the  relative  amplitude 
of  the  fluctuations  of  temperature  9  to 
the  thickness  ^  (mm)  for  different  values  of 

T  (sec). 

1  —  0.5?  2  —  1;  5  —  3;  ^  —  6;  5  —  12? 

6  —  30;  7  —  60;  8  —  120;  9  “  300. 

A  stronger  effect  on  the  temperature  of  the 
blade  edges  is  caused  by  transitional  processes  which 
occur  in  regulating  the  power  of  the  gas  turbine  unit 
and  which  occur  with  a  period  for  the  fluctuations 
of  several  seconds  or  more.  In  this  the  temperature 
field  of  t^e  blade  changes  considerably  and  the  tem¬ 
perature  of  the  thin  edges  practically  "follows"  the 
temperature  of  the  gas.  A  significant  role  in  such 
regimes  is  played  by  the  thickness  of  the  edge;  an 
increase  in  thickness  considerably  lowers  the  relative 
amplitude  of  the  temperature  fluctuations. 

The  average  temperature  of  the  thicker  center 


psrt  of  tho  cross  ssction  of  &  blsds  chsnfjss  littls 
with  ras  temperature  fluctuations,  at  least  for  fluc¬ 
tuations,  at  least  for  fluctuation  periods  of  up  to 
20  seconds.  It  should  be  noted  that  in  evaluating  the 
temperature  of  the  center  part  of  a  cross  section, 
the  average  temperature  t  of  the  equivalent  plate  still 
does  not  fully  characterise  the  temperature  field  in 
this  part  of  the  cross  section  because  the  amplitude 
of  the  temperature  fluctuations  of  the  surface  can  be 
somewhat  higher.  In  order  to  determine  the  temperature 
of  the  surface  in  the  average  part  of  the  cross  section 
it  is  possible  to  use  the  known  solution  [i]  for  the 
propagation  of  heat  waves  in  a  plate  when  the  tempera¬ 
ture  of  the  environment  performs  harmonic  fluctuations. 

V/ith  the  help  of  a  hydraulic  integrator  an 
exact  solution  was  obtained  for  a  change  of  the  temper¬ 
ature  field  of  a  rotor  blade  of  a  turbine  during 
fluctuations  of  the  gas  temperature.  The  cross  section 
of  the  blade  was  divided  into  35  units;  the  thermo¬ 
physical  properties  0,7,  and  \  of  steql  were  accepted 
according  to  a  temperature  of  400®C;  the  coefficient 
of  heat  transfer  was  accepted  as  a  constant  for  the 
surface  equal  to  950  watts’raeters"  •degrees  . 

Figure  2  shows  graphs  of  temperature  fluctuations 
of  the  exhaust  edge  and  center  of  a  blade.  These 
'"raphs  were  constructed  according  to  the  results  of 

I 

tne  calculations. 
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Figure  2.  Temperature  fluctuations  of  a  turbine 
blade  for  gas  temperature  fluctuations 
(solution  on  a  hydraulic  integrator), 

I  «  gas  temperature;  2  —  temperature  of  the 


"i 

exhaust  edj^e;  3  —  temperature  of  the  center  of 
the  blade;  a,  b,  c  —  T  (sec)  —  accordingly 
120,  30,  3. 

For  Sfiall  periods  of  fluctuations  (T  «  3  sec), 
the  temperature  of  the  center  part  of  the  blade  does 
not  change  while  at  the  same  time  the  amplitude  of  the 
temperature  fluctuations  of  the  edge  (  ^  ■  1.6  mm) 
comprises  12%  of  the  amplitude  of  the  fluctuations  of 
t  .  As  the  period  of  the  fluctuations  increases,  the 
relative  amplitude  3  of  the  fluctuations  of  the  tem¬ 
perature  of  the  edge  grows,  reaching  in  a  period  T  -  2 
minutes  the  value  3  ■  0.90.  In  this  there  is  also  an 
increase  in  the  temperature  fluctuations  in  the  thicker 
center  part  of  the  cross  section  (0  ■  0.27).  It  should 
be  noted  that  the  surface  temperature  in  this  part  of 
the  cross  section  fluctuates  with  an  amplitude  of 
5  -  0.30,  slightly  exceeding  the  amplitude  of  the 
temperature  fluctuations  of  the  center. 

A  comparison  of  the  results  of  an  accurate 
solution  on  a  hydraulic  integrator  with  the  results 
of  ah  evaluation  of  the  temperature  fluctuations  of  a 
blade  according  to  the  approximate  method,  as  described 
above,  show  that  approximate  calculations  performed 
without  considering  the  longitudinal  flow  of  heat 
along  the  blade  section  permit  a  sufficiently  correct 
evaluation  of  the  temperature  fluctuations  of  a  blade, 
although  they  do  give  somewhat  inflated  vlaues  for  the 
temperature  of  the  edge  for  gas  temperature  fluctuations. 
The  considerable  unevenness  of  the  temperature  in 
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a  cross  section  of  a  blade  which  occurs  durins  gas  i 
temperature  fluctuations  causes  thermal  stresses  in  the 
blades.  The  evaluation  of  the  size  and  nature  of  these 
stresses  is  a  matter  of  interest.  Por  this  reason, 
using  temperature  fields  obtained  with  the  help  of  a 
hydraulic  integrator,  we  calculated  the  thermal  stresses 
in  a  rotor  blade  for  gas  temperature  fluctuations  of 
from  300  to  500  o  with  a  period  of  T  .  a  minutes. 

This  ease  corresponds  to  actual  fluctuations  of  t  which 
occurred  during  Idling  of  the  turbine  while  adjusting 
ts  operation.  The  calculation  of  the  temperature 
stresses  was  conducted  according  to  the  relationships 
for  unevenly  heated  rods  /3.  a/.  The  normal  radial 

stresses  <r.  in  a  cross  section  of  an  unevenly  heated 
Diade  are  equal  to; 


The  thermal  stresses,  as  is  apparent  from  the 
-raph  (Figure  5).,  chage  according  to  the  harmonic  law 
periodically  causing  expansion  or  contraction.  The 
n-axinuim  value  of  these  stresses  and  the  displacement 
of  the  phase  are  the  sans  for  different  points  of  the 
cross  section.  The  maximum  stress  occurs  at  the 
exhaust  edge  where  it  reaches  a  value  of  a.  -  +1140*lo5 

J 
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Figure  3.  Temperature  stresses  Ct  (n*m  )  in 
a  turbine  blade  (T  «  120  sec). 

1,  2  —  at  the  exhaust  and  intake  edges; 

5,  4  —  on  the  convex  and  concave  surfaces. 

The  calculations  which  were  made  confirm  the 
fact  that  because  of  gas  temperature  fluctuations  in 
the  process  of  operating  a  gas  turbine  unit  it  is 
I ossible’ to  have  considerable  fluctuations  in 
temperature  and  thermal  stresses  in  the  blades.  These 
fluctuations  of  temperature  and  stresses  can  have  a 
significant  effect  on  the  long-term  strength  of  the 
blade  material  and  can  lead  to  early  breakdown 

Symbols 

tg  —  temperature  of  the  surrounding  gas;  t  — 
average  temperature  of  a  plate;  —  surface  temperaturej 
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of  a  plate;  —  amplitude  of  the  gas  temperature 
fluctuations;  T  —  time;  T  ~  period  of  a  gas  tempera¬ 
ture  fluctuation;  a.  --  coefficient  of  heat  transfer; 
c  —  thermal  capacity  of  the  blade  material;  A  —  coef* 
ficientof  thermal  conductivity";  h  —  half  the  thickness 
of  a  plate;  E  —  module  of  elasticity;  P  ~  coefficient 
of  linear  expansion;  x,  y  ~  coordinates  of  points  of 
a  cross  section  relative  to  the  main  axes  of  the 
thermalelastic  curvature  of  the  blade;  7  —  specific 
gravity  of  the  blade  material. 


Summarj 


Approximate  methods  are  presented  for  solving 
a  temperature  field  of  a  turbine  blade  with  gas  tempera¬ 
ture  fluctuations.  Simple  relations  for  the  temperature 

i 

change  of  various  parts  of  the  blade  are  derived  based 
on  the  fluctuation  period,  heat  transfer  conditions, 
physical  properties  of  the  metal,  and  blade  shape, 

Gas  temperature  fluctuations  of  high  frequency 
are  found  to  have  actually  no  effect  on  the  blade  . 
temperature  field  because  of  unstable  operating  condi¬ 
tions  of  the  combustion  chamber.  Gas  temperature 
fluctuations  with  transient  operational  processes  of 
the  turbine  resulting  from  the  action  of  the  control 
system  and  characterized  by  lower  frequency  cause 
considerable  temperature  changes  in  the  blade,  especially 
of  its  thin  edges.  These  changes  may  result  in  addition¬ 
al  thermal  stresses.  . 
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THE  STUDY  OF  THE  MECHANISM  OF  MOISTURE 
TRANSFER  IN  THE  IBYINO  OF  COLLOIDAL 
CAPILLARY-POROUS  BODIES 

N.V.  Churayev 

Kalininskly  Peat  Inatltuta, 
Ndscov 

Tbe  results  are  described  of 
experiments  in  the  study  of  the  mechanism 
of  moisture  transfer  and  of  the  processes 
of  structure  formation  of  colloidal 
capillary-porous  bodies  of  various 
dispersities. 

Methods  which  are  based  on  the  utilization  of 
a  radioactive  indicator  have  been  developed  for  the 
investipiation  of  the  hydrous  properties  and  the 
moisture  transfer  mechanism  in  the  drying  of  colloidal 
capillary-porous  bodies  /1-57.  With  the  help  of  th^se 
methods  a  study  has  been  conducted  of  processes  of  the 
isothermal  drying  of  samples  of  peat  and  clays  (balls 
of  a  size  of  7*^0  The  tests  were  conducted  in 

a  drying  unit  [\J  using  two  repititions  and  passing 
air  through  the  chamber  at  the  rate  of  1-3  liters/ 
minute  and  while  maintaining  a  temperature  of  20-25®C. 
and  a  relative  humidity  of  10-30%, 

Figure  1  shows  the  graphs  which  were  obtained  from 
a  series  of  test  samples  and  which  reflect  the  re¬ 
lationship  of  the  drying  spsed,  sample  volume, 
volumetric  weight  of  the  samples,  coefficient  p* , 
and  the.  values  of  the  integral  criterion  of  phase 
transformation  to  the  moisture  content  /V*  Based 
(  on  these  graphs  the  values  •  <|j  '  have  been  calculated 


63 


,.,Hcn  laaicte  the  epee,  e/ re^ovel  of  the  .oUt^e 

,hich  le  evaporated  -.Ithih  .he 
of  ihe  dUferenee  q-<It|‘<).  ihdi^te  t.e  sp 
«hich  is  based  on  the 

surface  Of  the  saaple  of  water  whfch  reached  there 
in  t.he  form  of  liquid. 


iaiiii 


Hnlk^J 


ssiiaiapii 

SBBSBI'pRSBSi 

iBaSiiSBSBMu 

MBBaiAHnaEsSI 


j.  rT 
) 


nsure  1.  Obanse  of  values  of  the  intesra 
°  criterion  of  the  phase  transformation 
£.  (1),  of  the  volume  of  the  samples 
v'  (cm^)  (2)  and  their  volumetric  weight 
V  (g'cm"^)  (5).  df  ‘lis  drying 

q  (».hour'b  ('»)  component  qe, 

(».hour*^)  (5),  ahS 

0  (6)  in  relation  to  the  moisture  content 
,r'sample8  *  (g/g)  decreases  during 

the  course  of  the  drying. 

a  -  peat  moss,  R  ■  1»!  »  "  8«^S» 

H  .  JOJS,  dispersed!  c  --  humbrihe. 


Tb«  main  results  obtained  from  an  analysis  of  the  test  data 
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are  shown  in  the  following  table. 


Table 

Results  of  the  observation  of  the  drying  of 
sanqples  of  different  soils 


— 

I# 

KpHTHMCCKHe 

KoaitxtmuHeH- 

KoJiHMeauo  bo- 

(1 

XapairrepHCTHKa 

odpasua  (1) 

a 

U  •  ' 

S  * 

t?.' 

aHa'iemiii  Bsaac*. 
mcTH,  *^11  (.b 

TU  ofrbeM-.^ 
hoA  ycaAKH 

Au.  nepeucceH- 
Hofl  a<HAKOCTHUM 

1 

^e. 

s< 

I' 

MexaiiHaMOM.  % 

_ _ 

t 

1 1 

• 

•  • 

fS 

» 

^1 

Alo 

M 

■5^ 

<$ 

it  II 

1 

CdarHOBuri  nepexoAiiud 
TOpitl. 

1  60 

5 

176 

180 

30 

30 

0,047 

35 

44 

2 

OoOKOBuli  TUp4>i 
-30*«  .  .  .11.  . 

115 

12 

82 

190 

75 

70 

0,130 

31 

37 

3 

n  yuiHiieao'OlianKwufl . 
TOj^.  /?— 40% 

125 

20 

65 

170 

45 

35 

30 

0,183 

1.17 

29 

45 

4 

OcoKonufi  Top(|j,  /?= 

«30%.  nepepaOc^ 
xaH  1  pa.i  .  .'^3'. 

100 

20 

97 

160 

90 

70 

75 

0,313 

0,84 

18 

32 

5 

MeAHVM-Top()i.  R= 

=--25%,  nepepafc- 
Tail  5  paa  .  vlT-i 

105 

25 

83 

155 

40 

45 

45 

0,56 

0,61 

4 

16 

6 

MeAHyM-Topi}i.  /?= 

■=25%,  nenTHaapO' 
BaH  NaOH  .  .  .  «? 

95 

i  40 

85 

130 

50 

45 

50 

1,22 

1,40 

H 

H 

7 

8 
9 

'Ml 

riecoK,  0,1—0,25  *^ 
rviyaoBeuKiiA 

TyMOpHH  .  .iSP’  •  * 

HOC 
..  63( 
43C 

0 

H 

H 

6.8 

18 

2C 

4 

22 

35 

10 

0,6 

S 

12 

0 

i  2 

14 

0. 

1.78 

0 

59 

2.2 

100 

14 

38 

100 

52 

56 

Keys: 

1.  Ssiqple  nuaber 

2.  Description  of  sanqple 

3.  Content  of  dry  natter  (in  milligrams) 

t 

4.  Content  of  particles  smaller  than  1  mlcroui  ^ 
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5.  Speed  of  drying,  %/hour 

6.  Critical  values  of  moisture  content,  % 

7*  '*'^11  «  100  ■  '^physico-chemical 

8.  Coefficients  of  volumetric  shrinkage 

9.  Quantity  of  water  transferred  by  the  liquid 
mechanism,  % 

10.  Sphagnous  transitional  peat,  R  «  1% 

11.  Sedge  peat,  R  ■  30% 

12.  Sriophorous-sphagnous  peat,  R  >  40% 

13.  Sedge  peat,  R  >  30%  processed  onoe 

14.  Medium  peat,  R  «  23%,  processed  five  times 
13.  Medium  peat,  R  >  23%,  peptized  with  NaOH 

16.  Sand,  0.1-0.23  mm 

17.  Glukhovetskiy  Kaolin 

18.  Humbrine 

Note:  H  indicates  the  lack  of  experimental 

data. 


The  results  of  the  tests  make  it  possible  to 
draw  the  following  conclusions  with  respect  to  the 
roechaniSFi  of  the  processes  which  occur  in  drying 
test  samples  of  colloidal  capillary-porous  bodies. 

In  natural  peat  of  low  dispersity  (No  1  and  2  in  the 
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table),  in  connection  with  the  hi^h  strength  of  the  ' 
structural  elements  from  large  plant  fibers,  the 
shrinkage  is  not  large  (  j8  .  0,05-0.13)  and  its  rate 
in  accordance  with  known  theories  /&/,  does  not  change 
throughout  the  entire  course  of  the  drying  (Figure  la). 
The  low  values  of  coefficient  indicate  an  intensive 
entry  of  air  into  the  samples  which  leads  to  a  conti&~ 
uous  decrease  in  their  volumetric  weight.  The  retreat 
of  the  evaporation  front  leads  to  a  lowering  of  the 
values  of  £.  from  the  very  beginning  of  the  drying. 

For  this  reason,  as  can  be  seen  from  the  table,  the 
role  of  the  fluid  mechanism  for  samples  No  1  and  2 
in  a  period  with  a  constant  drying  speed  is  very 
important.  Up  to  30-55%  of  all  the  moisture  is  drawn 
to  the  surface  of  the  sample  in  the  form  of  liquid. 

This,  in  all  probability,  is  facilitated  by  the  plant 
residue  which  creates  a  capillary  net  which  more  or 
less  drains  the  sample. 

As  the  degree  of  dispersion  of  the  peat  increases 
as  a  result  of  its  decomposition  (sample  -No  3), 
mechanical  processing  (samples  No  4  and  5),  or 
spontaneous  dispersion  (sample  No  6),  there  is  a 
change  in  the  mechanism  of  the  processes  of  moisture 
transfer  and  structure  formation  during  drying. 

The  decrease  in  the  size  of  the  pores  leads  to  an 
increase  in  the  strength  of  the  capillary  contraction 
and  the  breakdown  of  the  plant  residue  does  not 
prevent  further  deformation  of  the  samples.  As  a 
result  of  this  the  coefficients  of  volumetric  shrink¬ 
age  in  highly  dispersed  peat  increase  to  (S  -  0.2-0, 6, 

Us  had  been  noted  earlier  by  /y.  Similar  relationships  i 
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occur  also  in  Rlnsral  soils;  as  thsir  dsgrss  of 
dispersion  and  hydrophilicity  increase,  the  shrinkage 
processes  develop  ever  more  effectively,  as  is 
apparent  from  a  comparison  of  the  coefficients  of 
in  the  table.  The  transition  to  a  liquid  transfer 
roachanisn  occurs  in  highly  dispersed  samples  of  peat 
at  low  levels  of  moisture  content.  As  can  be  seen 
from  the  table,  the  portion  of  the  moisture  which  is 
transferred  by  the  liquid  mechanism  becomes  lower  as 
the  dispersion  of  the  peat  grows.  Thus  in  the  case 
of  drying  dispersed  peat,  the  transfer  of  moisture  in 
the  form  of  vapor  acquires  basic  importance. 

An  element  which  was  common  for  all  tested 
samples  except  sand  was  the  gradual  increase  in  the 
role  of  the  liquid  mechanism  of  transfer  in  the  course 
of  the  drying,  as  is  apparent  from  an  analysis  of  the 
graphs  of  £j  and  .  This  may  be  connected  with  a 
decrease  in  the  size  of  the  air-conducting  pores  as 
a  result  of  shrinkage  and  also  with  an  increase  in  the 
moisture  gradient  in  the  sector  between  the  retreating 
evaporation  front  and  the  surface  of  the  sample.  It 
should  be  noted  that  these  conclusions  do  not  coincide 
with  the  results  obtained  earlier  in  the  study  of 
thermal  moisture  conductivity  /3,  lOj,  There,  as  is 
known,  the  role  of  moisture  transfer  in  the  form  of 
vapor,  on  the  contrary,  increased  as  the  moisture 
content  of  the  peat  decreased,  These  differences 
are  connected,  however,  only  with  structural  character¬ 
istics  of  the  test  samples  and  with  the  conditions 
under  which  the  tests  were  conducted.  The  tests  on 
I  thermal  moisture  conductivity  were  conducted  with  heat  j 
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and  noisture  insulated  samples  of  pulverized  peat  of 
various  moisture  contents  and,  in  these  tests,  the 
structure  of  the  samples  was  formed  spontaneously 
during  the  course  of  the  drying.  Therefore,  if,  for 
example,  in  the  first  case  the  dry  peat  was  a  large- 
pored  powder,  then  in  the  drying  tests  the  peat  in 
the  dried  state  would  have  a  fine-pored  "stone”  struc¬ 
ture.  The  change  in  the  initial  structure  of  the 
samples,  which  has  a  significant  influence  on  the 
moisture  transfer  mechanism,  can  he  used  to  control 
these  processes. 

As  is  apparent  from  the  graphs  in  Figure  lb 
and  c  and  from  the  table,  the  coefficient  of  volumetric 
shrinkage  does  not  remain  constant  in  highly  dispersed 
samples.  For  a  moisture  content  which  is  close  to 
the  content  Wp^  of  physico-chemical  bond  water,  the 
rate  of  shrinkage  changes  and  the  values  of  increase 
to  0. 6-2.2.  The  intensification  of  the  shrinkage 
when  W<  is  connected,  in  all  probability,  with  the 
manifestation  of  the  forces  of  molecular  interaction 
which  progress  according  to  the  measure  of  the  amount 
of  water  removed  and  of  the  drawing  together  of  the 
particles  /\X/ .  ^In  this  case  there  is  a  squeezing 
out  of  the  air  from  the  pores  by  the  spontaneously 
deforming  sample ,  which  follows  from  an  analysis  of 
the  values  of  coefficient  p,  which  increase  toward  the 
end  of  the  drying.  This  leads  in  turn  to  a  notice-, 
able  increase  in  the  values  of  the  volumetric  weight 
of  the  samples. 

The  interaction  between  the  particles  ends 
l_with  the  formation  of  strong  condensation  and 
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crystallization  structures,  after  which  the  shrinkage 
of  the  material  stops.  In  dispersed  peat  the  end  of 
the  shrinkage  was  observed  when  W  ■  15-25%  less  than 
Wpc«  which  has  also  been  confirmed  by  the  results  of 
other  research  /l2,  13/.  Let  us  note  that  the 
svstem  of  drying  the  samples  has  a  vital  effect  on  the 
course  of  the  structure-forming  processes.  Thus, 
for  example,  in  tests  with  clays  (under  conditions  of 
-1)  the  shrinkage  ceased  upon  reaching  a  moisture 
content  which  corresponded  to  the  maximum  hy^roscopi- 
city  4^4,  157.  In  our  testa,  whenp, <  1  at  the 
beginning  of  the  drying  (see  Figure  1),  the  shrinkage 
of  the  samples  of  clays  ended  at  lower  values  of 
moisture  content.  Similar  conclusions  also  follow 
from  works  and  A?/. 

It  is  characteristic  that  in  the  case  when  the 
drawing  together  of  particles  by  capillary  forces 
which  is  required  for  a  manifestation  of  the  forces 
of  mo.Tecular  interaction  is  not  achieved  (as  occurred, 
for  example,  in  roughly  dispersed  spjiagnous  peat 
and  kaolin),  the  breaking  points  on  the  shrinkage 
graphs  will  be  lacking  entirely..  It  should  be  noted 
that  breaking  points  for  Wp  on  the  shrinkage  graphs 
had  not  been  detected  previously.  This  is  explained 
by  the  fact  that  the  research  was  conducted,  as  a  rule, 
on  samples  of  considerable  size.  The  formation  of  a 
crust  on  the  surface  of  such  samples  limited  the 
development  of  shrinkage,  and  a  considerable  difference 
between  the  moisture  content  of  the  surface  and  of 
the  heart  of  the  snniple  masked  the  influence  of  its 
I  hydrous  properties  and  structure. 


Let  us  now  examine  the  sequence  of  the  removal 
of  various  cate'rories  of  moisture  (in  accordance  with 
the  classification  of  P.4.  Rehinder  IQ/)  when 
drying  samples.  Figure  2  shows  the  results  of  determin¬ 
ing  the  content  of  different  categories  of  connected 
water  in  sedge  peat  of  different  moisture  contents. 

The  r^easurements  were  performed  by  the  radioactive 
indicator  method  /2/  for  peat  samples,  the  moisture 
content  of  which  was  changed  by  drying  within  the 
range  of  from  710  to  IQ%,  On  the  graph  the  values  of 
the  moisture  content  of  the  peat  at  which  the 
measurements  of  the  total  amount  of  solvent  water  in 

the  peat  -  '''^internal'''  '^^immobilized'''  '^'^physico-chemical 
are  placed  alon^  the  horizontal  axis. 


Figure  2.  Content  of  free  (a),  capillary  (b), 
immobilized  plus  intracellular  (c),  and 
physico-chemically  connected  (d)  water  in 
sedge  peat  (R  •  30>/o)  for  different  moisture 
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contents  W  (g/g). 

1  —  values  of  complete  moisture  capacity 

Wc  (%); 

2  —  quantity  of  solvent  water  (%). 

The  measured  values  of  and  the  values  of  the 
complete  moisture  capacity  of  this  peat  as  taken 
from  works  /I *5/  sire  given  along  the  vertical  axis. 

The  horizontal  broken  line  Indicates  the  content  of 
physlco-chemlcally  connected  water  which  is  constantly 
in  moist  peat  and  which  is  IQSfo  for  the  given  sample. 

Using  this  graph  it  is  possible  to  follow  the  change 
in  content  of  various  categories  of  water  in  the 
process  of  removing  water  from  the  peat. 

For  high  moisture  content  of  the  peat  which  is 

greater  than  its  full  moisture  capacity  W  >  ,  for 

example,  when  W  ■  950%,  the  tested  peat, 

as  is  apparent  from  the  graph,  contains  free  water 

Wfree  ■  capillary  water  •  550%  /See  Note^, 

intracellular  and  immobilized  water  ■  '^intracell* 

Wj  V  •  280%,  and  physico-cheraically  connected  water 
imnob 

W  ■  70%.  The  drying  of  peat  leads  at  first  to  a 
loss  of  free  water  and  then,  when  W  ^  W,  ,  to  the 
removal  of  the  weakly  connected  water  of  the  large 
pores.  The  role  of  the  shrinkage  of  the  material  is 
still  not  noticeable  at  this  stage  of  drying.  The 
capillary  forces  are  not  sufficiently  strong  in  order 
for  the  deformation  of  the  framework  of  the  material 
to  occur.  This  is  concirmed  in  particular  by  works 
and  /l^,  where  it  was  shown  by  direct  measure- 
*jnent8  that  the  forces  of  capillary  contraction  and  the  J 
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r shrinkage  of  the  sampJfS  do  not  occur  in  the  initial 
stage  of  drying. 

/iJot^j  As  is  known,  the  category  of  capillary 
water  is  not  determined  by  the  indicator  method  and 
therefore  does  not  enter  into  the  measured  values 
of  Wj. 

In  the  case  of  further  lowering  of  the  moisture 
content,  when  the  capillary  pressure  forces  grow, 
it  becomes  possible  to  squeeze  out  the  intracellular 
and  immobilized  water.  This  also  is  facilitated  by. 
the  shift  of  the  dispersion  and  ion  equilibrium  in  the 
direction  of  the  compact  coagulation  which  occurs 
with  a  lowering  of  the  moisture  content  of  the  system. 
In  this  case  the  intracellular  and  immobilized  water 
become  capillary  water  and  are  evaporated  during  the 
drying.  The  sane  water  removal  process  as  a  result 
of  a  decrease  in  the  combined  waiter  content  for  un¬ 
changed  values  of  the  capillary  water  content  is 
observed  during  the  mechanical  pressing  of  water 
out  of  the  peat  ?/.  When  the  water  content  of 
sedge  peat  is  lowered  to  approximately  400%^ there  is 
also  a  noticeable  decrease  in  its  absorptive  ability 
and  complete  moisture  capacity  (see  Figure  2) 
which  can  be  explained  in  part  by  the  irreversible 
changes  which  occur  during  the  dehydration  of  gels  and 
plant  residue. 

Figure  5  shows  the  results  of  one  of  the  tests 
of  drying  samples  with  the  radioactive  marking  of 
only  the  intracellular  water;  these  results  confirm 
our  position.  A  fraction  of  0.25"1»0  nun  of  lowland 
j  sedge  peat  which  had  been  washed  on  sieves  and  which 
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consisted  of  mainly  plant  residue  was  placed  in  a 
flask  and  covered  with  a  concentrated  solution  of  a 
radioactive  indicator  (NSgSO^  with  S^^).  After  three 
days  the  batch  was  washed  on  a  filter  with  a  4% 
solution  of  non-radioactive  Na^SO^  until  the  indicator 
was  completely  gone  from  the  free  water.  Little  balls 
were  formed  from  the  sample  whj.ch  had  thus  been  pre¬ 
pared  and  their  drying  was  observed.  As  a  result  of 
such  preparation  the  samples  were  marked  with  only 
intracellular  water  into  which  only  a  small  quantity 
of  radioactive  marking  was  diffused  during  the  three 
days.  Because  the  capillary  water  of  the  peat 
contained  the  non-active  salt  in  higher  concentration, 
the  reverse  diffusion  of  the  indicator  from  the  intra¬ 
cellular  water  into  the  free  water  was  artificially 
hampered.  As  can  be  seen  from  Figure  3,  The  radio¬ 
active  marking  appeared  on  the  surface  of  the  sample 
with  a  large  delay,  only  after  more  than  half  of  the 
water  which  had  been  contained  in  the  peat  was 
separated  from  it.  Because  this  sample  contained 
basically  only  capillary  and  intracellular  water,  the 
results  of  the  test  clearly  indicate  that  at  first 
pure  water  which  filled  the  large  capillary  passages 
was  removed  and  only  later  was  the  marked 
intracellular  water  removed. 
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Figure  3.  Results  of  observations  of  the 
drying  of  a  roughly  dispersed  fraction  of 
sedge  peat  with  radioactive  marking  of  the 
intracellular  water. 

1  —  moisture  content  of  the  sample  w  (g/g); 

2  —  speed  of  drying  q;  3  —  specific  activity 

of  the  surface  of  the  sample  N'  (impulses/min*^). 

After  the  removal  of  the  weakly  connected 
intracellular  and  immobilized  water,  the  dehydration 
of  the  microcapillaries  begins.  As  can  be  seen  from 
Figure  2,  when  the  moisture  content  is  close  to 
200-2509$,  practically  no  weakly  connected  water  remains 
in  the  peat  being  tested.  The  beginning  of  the 
removal  of  water  with  higher  connecting  energy,  which 
corresponds  to  the  first  critical  moisture  content, 
leads  to  a  change  in  the  drying  speed.  As  can  be  _ | 
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seen  from  Fisure  1,  for  this  moisture  content  there  * 

is  also  a  chsnf^e  in  the  mechanism  for  transferring 
moisture;  the  transfer  of  moisture  primarily  in  the 
form  of  vapor  gives  way  to  liquid  transfer  which 
occurs  along  a  system  of  micropores*  The  coefficients 
in  this  increase,  which  is  evidence  that  air  is  being 
squeezed  out  of  the  pores  as  a  result  of  shrinkage 
and  of  the  elimination  of  the  internal  evaporation 
front.  The  capillary  contraction  forces,  as  was  shown 
in  reach  a  maximum  value  for 

The  removal  of  microcapillary  water  ends  when 
the  moisture  content  of  the  peat  is  close  to  the  con¬ 
tent  of  W_-.  At  this  moisture  content  the  drying 
pc 

mechanism  again  changes.  The  removal  of  the  physico- 

chemically  connected  water  begins,  as  evidenced  by  the 

fact  that  in  all  cases  there  was  a  coincidence  of  the 

second  critical  point  on  the  drying  curves,  with 

'^N  -  100  ■  ^pc  (see  table).  The  removal  of  the  most 

strongly  connected  water  is  accompanied  by  irreversible 

changes  (hydrophobization)  of  the  colloid  fraction  of 

peat  /^0/«  The  agreement  of  the  second  critical  point 

with  the  content  has  been  shown  in  a  series  of 
pc 

works  for  other  dispersed  materials  /6,  21,  22/* 

The  results  of  the  research  indicate  that  in 
accordance  with  the  views  of  P.A,  Rebinder  the 
removal  of  different  categories  of  water  during 
drying  occurs  in  a  strictly  set  sequence  depending  on 
the  energy  of  its  connection  with  the  solid  phase* 

The  data  which  we  have  obtained  confirms  the  results 
of  the  research  of  M.F.  Kazanskiy  /22/  and  L.A. 

I  Lepilkina  and  P.M.  Polonskaya  /24y  which  were  obtained  | 
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Ffey  other  methods  of  analysis.  The  specifics  of  the  I 
hydrous  properties  and  structure  of  the  samples  of 
peat  under  study  which  contain  intracellular  and 
immobilized  water  leads,  as  was  shown  above,  to  some 
differences  in  the  nature  of  the  transfer  of  moisture 
and  shrinkage  which  have  been  studied  in  the  work. 

It  should  be  noted  that  the  conclusions  which 
we  have  made  on  the  mechanism  of  moisture  transfer 
apply  only  to  the  case  of  isothermal  drying  under  the 
established  conditions  of  the  test  regime.  They  cannot 
however  be  applied  to  other  methods  and  systems  of 
drying.  However,  such  investigations  can^J^'eottducted 
in  each  particular  case  with  the  help  of  methods  of 
research  which  have  been  developed.  The  employment  of 
these  methods  makes  it  possible  to  analyze  phenomena 
which  take  place  in  the  drying  of  materials  which 
can  be  used  in  developing  optimum  systems  for 
technological  processes. 


Symbols 

q  —  speed  of  drying;  7  —  volumetric  weight; 

P,  —  coefficient;  Sj  —  integral  criterion  of  phase 
transformation;  —  content  of  dry  matter  in  the 
test  samples;  —  speed  of  drying  (in  a  period  of 
constant  speed);  moisture  content 

corresponding  to  the  first  and  second  critical  points 
on  graphs  of  the  speed  of  drying;  Wu  —  moisture 
content  at  which  a  change  in  the  coefficient  of 
volumetric  shrinkage  was  observed;  —  moisture 

content  corresponding  to  the  end  of  the  removal  of 
the  radioactive  indicator  to  the  surface  of  the  | 
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Fsainple;  0,  ,  —  coefficients  of  volumetric  shrinkagen 

in  the  initial  period  and  at  the  end  of  the  drying; 

jj  ^  M  —  quflntity  of  moisture  transferred  to  the 

surface  of  a  sample  by  the  liquid  mechanism  during  a 

period  of  constant  drying  and  during  the  entire  period 

of  drying,  expressed  as  a  percentage  of  the  total 

quantity  (solvent  indicator)  of  water; 

M  accordingly,  the  content  of  intracellular 

immoD 

and  immobilized  water* 

Summary 

The  mechanism  of  moisture  transfer  and  the 
process  of  structure  formation  in  the  drying  of 
colloidal  capillary-porous  bodies  of  various 
dispersities  (peat,  clay)  are  studied  using  previously 
developed  methods. 

In  the  drying  process  the  liquid  mechanism 
becomes  more  important  at  the  first  critical  point  on 
the  plot  of  the  drying  rate.  The  second  critical  point 
corresponds  to  the  beginning  of  the  removal  of  the 
physico-chemical  bond  water,  A  change  in  the.  shrinkage 
rate  in  highly  dispersed  samples  is  observed  at  low 
values  of  moisture  content.  This  phenomenon  results 
from  the  action  of  molecular  forces.  It  is  shown  that 
the  sequence  of  removal  of  various  kinds  of  moisture 
from  the  material  being  dried  depends  on  the  bond 
energy  of  the  solid  phase. 
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THE  HIPLUEIICB  OP  THE  MUIERALOOICAL  COMPOSITIOE  OP 
^ILLACEOtfi  sons  ON  THEIR  PROPERTIES 

N.Ya.  Xharkhttta  and  Vasil 'y«r 
Branch  of  the  All-ltalon  Scientific  Re¬ 
search  Institute  for  Roads  and  Hi|^nrayS| 
Leningrad 

Experimental  data  Is  cited  which 
indicates  the  influence  of  the  mineralo- 
gical  composition  of  argillaceous 
fractions  of  soils  on  their  physico- 
mechanical  properties  and  stability  under 
the  action  of  water  and  frost. 

The  influence  of  the  mineralogical  composition 
of  argillaceous  soils  on  their  structural  properties 
has  been  revealed  through  appropriate  tests  of  soil 
mixtures  which  had  been  selected  so  as  to  have  a  pre¬ 
dominance  of  minerals  of  different  groups  in  their 
argillaceous  fraction.  Soil  mixtures  were  prepared 
from  pulverized  soil,  sand,  and  different  clays. 
Concrete  clay  (ascanite  from  a  deposit  near  Makharadze) 
served  as  a  component  for  obtaining  soil  mixtures  of 
which  the  argillaceous  fraction  consisted  mainly  of 
montmorillonite,  Cambrian  clay  (Leningrad)  was  used 
to  obtain  soil  mixtures  in  which  minerals  of  the 
hydrated  mica  group  predominated  in  the  argillaceous 
fraction;  kaolinite  soil  mixtures  were  prepared  from 
clays  of  the  Glukhovskoye  and  Latnenskoye  deposits. 

The  components  were  selected  in  such  a  way  so 
as  to  obtain  soil  mixtures  which  in  one  case  would  have 
the  same  granulometric  composition  of  the  mixtures 
and  in  the  other  case  would  have  the  same  specific 
surface.  In  prepiaring  mixtures  of  the  same  granulo- 
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'  metric  composition,  the  argillaceous  part  was  selected 
according  to  the  total  content  of  particles  smaller 
than  0.002  mm. 

If  we  consider  that  In  the  case  of  the  pre¬ 
dominance  of  minerals  of  the  montmorillonlte  group 
the  argillaceous  fraction  consists  mainly  of  particles 
of  considerably  smaller  sizes  than  In  other  soils, 
then  the  selected  mixtures  can  only  arbitrarily  be 
Indicated  as  having  a  certain  granulometric  composition* 
Nevertheless,  In  evaluating  soils  for  engineering- 
construction  purposes  where  there  Is  also  not  a  division 
of  the  argillaceous  fraction,  all  these  mixtures  will 
be  considered  as  being  soils  which  have  the  same 
granulometric  composition. 

The  specific  surface  was  found  by  calculating 
the  moisture  equivalent  for  the  flattening 
/raskatyvaniyq/  limit  so  that  according  to  the  measure¬ 
ments  of  Deryagin  and  Karasev  /i/,  the  thickness  of 
the  film  of  the  bond  water  would  be  0.15-0.20  microns* 

In  this,  according  to  Grim  /V,  the  assumption  was  made 
that  the  thickness  of  the  film  of  bond  yater  was 
Independent  of  the  mlneraloglcal  composition  of  the 
soil.  The  determination  of  the  specific  surface  was 
also  performed  using  the  measurements  of  Avgustlnlk 
and  Dzhansis 

For  each  of  the  soils  which  were  prepared  In 
this  way,  the  fluidity  /tekuchest'y  point,  plasticity 
point,  and  ultimate  strength  were  determined.  An 
evaluation  of  the  degree  of  compaction  was  performed 
based  on  the  results  of  the  "standard  compacting" 

I  which  has  found  wide  employment  in  road,  airfield,  and 


other  types  of  construction*  In  this  the  optimum 
moisture  content  ui*  and  the  maximum  standard  density 
were  determined.  The  soils  were  also  tested  for 
creep  /polzuchest'J^,  which  made  it  possible  to  compare 
their  decree  of  resistance  to  external  loads  and  to 
learn  the  nature  of  the  deformation  change  with  respect 
to  time.  The  tests  for  strength  and  creep  were  conducted 
during  the  deformation  of  soil  by  a  round  stamp. 

The  form  with  the  soil  had  a  diameter  of  100  mm  and  was 
127  mm  high;  with  a  diameter  for  the  stamp  of  30  mm 
this  minimized  the  effect  of  the  bottom  and  sides  of 
the  form.  Execution  was  accomplished  with  a  lever 
press  with  a  water  load.  In  the  test  for  creep  the 
stamp  was  loaded  through  the  lever  press  with  an 
instantaneous  unstressed  load  which  was  maintained 
over  the  course  of  30  minutes.  The  size  of  the  load 
was  selected  so  that  the  stress  on  the  surface  of  the 
soil  would  be  one  half  the  ultimate  strength  of  the 
soil.  By  an  ultimate  strength  Up  we  moan  a  stress  on 
the  surface  at  the  point  of  contact  of  the  stamp  and 
the  soil  at  which  it  begins  to  break  down.  The  ulti¬ 
mate  strenghts  are  determined  according  to  the  curves 
of  the  relationship  of  reversible  deformation  to  vthe 
stress  for  soils  with  optimum  moisture  content  which 
are  compacted  to  the  maximum  standard  density  /V* 

The  soils  were  also  tested  for  creep  under  the  same 


conditions* 

A  determination  was  also  made  of  the  effect 
of  the  mineralogical  composition  of  the  soils  on  the 


frequencies  corresponding  to  their  maximum  tixotropic 
I  lowering  of  strength  /this  work  was  conducted  with  the 
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'  participation  of  V.M*  lyevlev,  M.I.  Kapustin,  and 
Yu.N.  Starodumo^/.  For  this  purpose  an  "Askaniya" 
vibration  stand  was  used  which  made  it  possible  to 
obtain  different  vibration  regimes  with  frequencies 
of  up  to  600  cycles*  Here  the  soils  were  placed  in  a 
cylindrical  form  which  was  100  mm  in  diameter  and 
127  mm  high  and  which  was  securely  attached  to  the 
vibration  table  of  the  stand.  From  the  surface  the 
pressure  was  conducted  throuf^h  a  stamp  93  mm  in  diameter 
by  the  pull  of  rubber  lines  so  as  to  obtain  a  stress 
of  Q«2«10‘^  n*m  .  The  vibration  regime  was  selected 
so  that  the  acceleration  which  was  developing  during 
the  oscillating  movements  was  in  all  cases  equal  to 
8  g*  At  the  same  time  separate  identical  samples  of 
soil  were  sub^jected  to  vibrations  of  various  frequen* 
cies  which  made  it  possible  to  find  such  values 
for  them  which  met  the  maximum  tixotropic  lowering  of 
the  strength  of  the  soils.  The  latter  were  established 
from  a  volumetric  weight  of  soil  which  was  obtained 
in  a  set  time  and  which  at  these  frequencies  reached 
a  maximum  value  and  also  visually  from  the  abundant 
formation  of  moisture  -and  from  the  rapid  and  consider-  - 
able  deformation. 

In  order  to  obtain  a  more  complete  description 
of  the  effect  of  the  mineralogical  composition  on  the 
construction  properties  of  soils  it  was  necessary  to 
compare  their  tendency  toward  swelling  and  frost  heave. 
The  soil  samples  were  prepared  in  ring  forms  with  an 
internal  diameter  of  102  mm  and  a  height  of  82  mm  /3/» 

The  sides  of  the  forms  consisted  of  separate  rings  whioh 
[provided  for  free  increase  of  the  soil  volume  during  J 
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I  swellinac  and  frost  heave.  The  lower  part  of  the  forms 
consisted  of  a  vater  chamber  connected  with  pipes 
which  provided  for  continuous  feeding  of  water  which 
could  come  either  without  pressure  or  with  some  small 
pressure  which  in  these  cases  was  taken  as  being  equal 
to  the  height  of  the  sample. 

In  testing  for  swelling,  soils  with  a  moisture 
content  of  0.8  is  the  flattening  limit)  were 

formed  to  densities  at  which  the  volume  of  the  pores 
containing  air  was  5%  of  tha  total  volume  of  the 
samples.  The  water  saturation  was  conducted  under 
pressure.  The  freezing  of  the  samples  was  conducted 
in  a  cooling  chamber  at  a  temperature  of  -5®C  which  was 
automatically  maintained  with  an  accuracy  of  +1  . 

The  forms  which  were  placed  in  the  cooling  chamber 
were  insulated  with  slag  cotton  so  as  to  provide  for 
freezing  the  soil  only  from  above.  This  freezing 
proceeded  at  a  speed  of  1.5-2  cm/day.  Water  was  supplied 
to  the  lower  parts  of  the  samples  without  pressure. 

Ml  tests  were  repeated  no  less  than  five  times. 
Departures  from  the  average  did  not  exceed  10-15%; 
therefore,  the  accuracy  of  the  determinations  can  be 
considered  as  being  satisfactory. 

The  results  of  the  work  are  presented  in  the 
table  below;  the  graph  in  Figure  1  gives  the  relation¬ 
ship  of  the  flattening  level  to  the  content  of  argil¬ 
laceous  particles  of  different  mineralogical  composition 
in  the  soil  mixtures.  The  creep  curves  are. given  in 
Figure  2.  No  noticeable  effect  of  the  mineralogical 
composition  on  the  frequencies  of  maximum  tixotropic 
I  lowering  of  strength  was  detected.  Under  these  con-  J 


86 


ditlons  they  were  in  the  range  from  1^0  to  200  cyolet* 


Table 

Results  of  testing  soil  mixtures  of  different 
mineralogical  composition 
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Keys: 


1.  Soils 

2*  Content  in  %  of  fractions 
of  different  sizes  (mm) 
Less  than  0.002 


4.  Fluidity 
limit,  % 

3*  Flattening 
limit,  % 
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6.  Plasticity  number 

6«  Maximum  density, 
grams/cm^ 

10.  Swelling 
12 «  Ultimate  strength, 
lO'^Cn'm"^) 

14 «  Hydrated  mica 
16.  Kaolinite  (Latnenskaya 
clay) 

18.  Same  specific  surface 


7%  Results  of 

standard  compaction 
9.  Optimum  moisture 
content,  % 

11.  Frost  heave,  % 

13*  The  same  granulo¬ 
metric  composition 
13*  Montmorillonite 
17*  Kaolinite  (Olukhov- 
skaya  clay) 


Figure  1.  Relationship  of  the  flattening  limit  H) 
to  the  quantity  of  argillaceous  particles  R(^) . 

1  —  Kaolinite  soils;  2  —  hydrated  mica  soUs; 

3  »  aontmorillonite  soils. 
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Figure  2.  Relationship  of  the  deforiaation  in 

the  process  of  creep  A  (mm)  to  the  time 
t  (min), 

li  2,  and  3  —  See  Figure  1, 

From  the  table  it  is  apparent  that  the  fluidity 
and  flattening  limits  of  hydrated  mica  and  kaolinite 
soils  are  close  to  each  other,  but  for  montmorillonite 
soil  they  are  considerably  higher,  especially  when 
soils  are  compared  which  have  the  same  granulometric 
composition  but  not  the  same  specific  surface.  The 
somewhat  specific  position  of  the  montmorillonite  • 
soil  can  be  explained  by  the  mobility  of  its  crytalline 
Llatticework  which  leads  to  an  increase  in  the  specific J 


n 

surface  and  consequently  in  the  content  of  bond  water. 
Therefore  the  maximum  standard  density  of  this  soil 
was  considerably  lower  and  the  optimum  moisture  content 
higher  than  in  hydrated  mica  and  kaolinite  soils  where 
these  parameters  were  close  to  each  other,  A  large 
amount  of  mechanical  work  was  always  expended  in  order 
to  remove  the  water;  therefore,  in  order  to  obtain 
the  same  density,  raontmorillonite  soils  require  the 
expenditure  of  considerably  more  mechanical  work  than 
is  the  case  with  hydrated  mica  and  kaolinite  soils. 

The  ultimate  strengths  of  the  hydrated  mica  and 
kaolinite  soils  were  the  same  but  were  15-20%  lower 
for  the  raontmorillonite  soils.  This  difference  can 
be  considered  insignificant  and  can  be  ascribed  to  the 
lower  absolute  density  of  the  raontmorillonite  soil. 

From  Figure  2  it  is  apparent  that  the  development 
of  deformation  in  the  process  of  creep  in  all  three 
soils  is  qualitatively  the  same;  in  semilogarithmic 
coordinates  this  process  can  be  reflected  by  a  straight 
line.  At  the  sare  time  it  should  be  noted  that  for 
the  sa^ie  relative  state  of  the  soils  and  the  same 
relative  load  the  deformation  of  hydrated  mica  soils 
is  considerably  less.  The  raontmorillonite  soils  were 
the  most  pliable  with  respect  to  an  incident  load. 

The  kaolinite  soils  occupy  an  intermediate  position; 
however,  in  their  deformative  properties  they  are 
closer  to  the  raontmorillonite  soils  than  to  the  hydrated 
mica  soils.  The  data  which  has  been  obtained  makes  it 
possible  to  conclude  that  the  influence  of  the  min- 
eralogical  composition  of  the  argillaceous  fraction  of 
soils  on  the  nature  of  deformation,  its  magnitude,  J. 


i  and  also  on  the  ultimate  strength  and  compactness  Is  I 
limited  to  a  change  In  the  quantitative  Indices  and 
therefore  can  always  be  taken  Into  account  through 
simple  tests.  Such  tests  Include  those  for  standard 
compaction  and  determination  of  the  deformation 
module  and  ultimate  strengths  of  soils. 

It  Is  apparent  from  the  table  that  If  the  swell¬ 
ing  of  hydrated  mica  and  kaollnlte  soils  Is  practically 
the  same,  the  swelling  of  montmorlllonlte  soils  Is 
much  higher*,  this  can  be  ascribed  completely  to  the 
properties  of  the  mobile  crystalline  latticework  of 
these  minerals.  Apparently  the  tests  for  swelling  can 
serve  as  an  indirect  method  of  detecting  minerals  of  the 
montmorlllonlte  group  in  soils. 

The  mlneraloglcal  composition  of  the  argillaceous 
fraction  has  a  significant  effect  on  the  extent  of 
frost  heave,  as  has  already  been  noted  earlier  2/* 
The  kaolinite  soils  have  low  frost  resistance.  The 
frost  heave  of  these  soils  was  three  times  as  great 
as  for  montmorillonite  soils  and  8-10  times  as 
great  as  for  hydrated  mica  soils.  The  hydrated  mica 
soils  have  the  greatest  frost  resistance;  the 
::ontnorillonite  soils  occupy  an  intermediate  position 
but  are  closer  to  the  hydrated  mica  soils. 

The  great  tendency  of  kaolinite  soils  toward 
frost  heave  in  a  number  of  cases  makes  them  un- 
acceptable  for  use  in  building  foundations  under  such 
engineering  installations  as  road  and  airfield  avujfaces, 
the  upper  portion  of  a  railroad  bed,  etc.  Even  the 
presence  of  relatively  small  amounts  of  minerals  of  the 
kaolinite  group  in  the' argillaceous  fraction  of  soils  j 
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can  lower  their  resistance  to  frost  actions,  as  is 
apparent  frorn  the  test  data,  shown  in  Figure  3  /V. 

From  the  table  and  Figure  3,  for  example,  it  is  apparent 
that  if  the  argillaceous  fraction  of  cohesive  soil 
consists  of  20-23%  kaolinite,  its  frost  heave  will  be 
1)^2  times  higher  than  when  the  soil  fraction  oonsists 
only  of  minerals  of  the  hydrated  mica  group* 


Figure  5*  Relationship  of  frost  heave  h^^  {%) 
of  polymineral  soil  to  the  content  of 
minerals  of  the  kaolinite  group  in  its 
argillaceous  fraction  c  (%). 


Thus  the  influence  of  the  mineralogical  content 
of  soils  on  their  water  and  frost  resistance  is  very 
considerable  and  absolutely  must  be  taken  into  account. 


Summary 

Experimental  data  is  presented  which  shows  the 
effect  of  the  mineral  composition  of  the  argillaceous 
I  fraction  of  soils  on  their  mechanical  properties* 
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Fit  is  concluded  that  this  effect  on  the  ultimate 
8treni;;th  of  the  soilt  on  its  compositions,  as  well  as 
on  the  chant^e  mechanism  and  on  deformation  may  be 
found  easily  by  simple  tests.  The  effect  of  the 
mineral  composition  is  considerable  with  respect  to 
the  action  of  water  or  frost.  Montmorillonite  soils 
show  the  maximum  swelling  while  kaolinites  display  the 
maximum  frost  heave. 
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TEE  BREAXDOWH  OP  HEATED  METALS  AND  ALLOYS 
IN  AX  AIR  STREAM  AT  8UPERS0XIC  VELOCITIES 

L.Ya.  Xesgovorov  and  V.I.  Proavirln 
iMtltute  of  Bnglneera  of  the  Civil 
Air  Fleet  USSR,  Riga 

The  high  temperature  oxidation  of 
metals  and  alloys  in  an  air  stream  at 
high  speeds  which  is  accompanied  by  the 
corrosive-erosive  breakdown  and  combus* 
tion  of  the  material  of  a  sample  is 
investigated.  The  relationship  of  the 
.average  speed  of  the  corrosive-erosive 
breakdown  of  metals  and  alloys  to  a 
series  of  active  factors  is  established. 


The  high  temperature  oxidation  of  metals  and 
alloys  in  a  gaseous  stream  has  been  studied  by  a 
number  of  researchers  A"?/  conducted 

in  heated  furnaces  through  which  various  gas  mixtures 
have  been  circulated  at  speeds  not  in  excess  of 
10  m*sec"^. 

In  order  to  conduct  such  research  in  an  air 
stream  at  high  velocities  a  special  unit  was  designed 
which  consisted  of  a  cylinder-type  aerodynamic  tube 
and  a  heating  device  (Figure  1).  The  methods  for 
conducting  the  experiment  were  also  worked  out. 


Figure  1.  General  diagram  of  the  unU, 

1  —  compressor  part  with  operating  cylinder; 

2  —  forechamber  with  operating  nozzle;  3 
elements  of  the  electroheating  system;  4  —  oper¬ 
ating  part  of  the  aerodynamic  tube;  5  —  sample; 

6  —  computer  element. 

Air  was  forced  into  the  operating  cylinders 
under  a  pressure  of  with  the  help  of  a 

four  step  compressor  »hlch  had  deviees  for  cooling  the 
air  between  the  steps  and  at  the  exhaust.  In  the 
operating  cylinders  the  compressed  air  was  cooled  to  J 
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the  temperature  of  the  surrounding  atmosphere  which  was 
taken  as  288^K«  The  condensed  moisture  was  removed 
from  the  compressed  air  when  It  passed  through  the 
water-separating  columns  of  the  compressor  and  with  the 
help  of  the  drain  taps  of  the  operating  cylinders* 

Thus  the  main  mass  of  the  moisture  was  removed  from 
the  air  in  the  operating  cylinders  and  on  the  way  to 
them. 

During  the  outflow  of  the  compressed  air  from 
the  cylinders  into  the  forechamber  its  temperature 
is  lowered,  which  causes  a  lowering  of  the  deceleration 
teraperat\ire.  Thus,  for  example,  in  the  investigation 
when  the  flow  speed  changed  from  M  ■  1*3  to  M  ■  3.0, 
the  deceleration  temperature  was  determined  according 
to  the  temperature  in  the  forechamber  which  was  measured 
during  the  course  of  the  experiment.  Inasmuch  as  the 
departure  of  the  deceleration  temperature  from  the 
temperature  of  the  surrounding  atmosphere  was  insigni¬ 
ficant  and  the  moisture  content  from  this  was  increased 
very  little,  the  air  in  the  pipe  was  sufficiently 
dry.  The  approximate  value  of  the  absolute  moisture 
content  was  9. 81* 10”^  n'm*^. 

The  test  sample  which  had  a  special,  form 
(Figure  1)  was  heated  by  the  passage  of  an  electric 
current.  The  measurement  of  the  temperature  of  the 
sample  was  conducted  by  an  optic  method  with  an  accuracy 
of  +  10®  in  the  range  of  temperatures  under  investigation 
(1073-1273°K).  The  speed  of  the  air  movement  was 
3.  The  time  of  action  of  the  air  flow  was 
changed  from  10  to  120  seconds.  The  angle  of  incline 
I  of  the  sample  with  respect  to  the  direction  of  the  wind  j 
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flow  speed  (angle  of  attack  of  the  substance)  was  equal 
to  0-  Tr/3  radians. 

The  order  of  conduct  of  the  experiment  was  as 
follows.  Before  the  start  of  the  experiment  the  control- 
repulating  apparatus  was  set  in  the  position  for  the, 
operating  regime:  T  *  const,  M  ■  const,  const, 

^at  ■  const. 

An  operating  nozzle  which  was  set  for  a  certain 
M  number  was  readied;  the  desired  angle  of  attack  of 
the  sample  was  set.  After  setting  the  desired  temper¬ 
ature  in  the  optical  pyrometer  and  the  desired  exposure 
on  the  time  relay  a  signal  was  given  at  which  there 
was  a  simultaneous  change  of  the  sample  temperature 
and  flow  speed  (M  number)  to  the  operating  levels, 
which  required  2  to  3  seconds.  iVhen  the  sample  and 
pyrometer  temperatures  were  equal,  the  "beginning  of 
exposure"  signal  was  given  and  the  time  relay  was 
activated  sinultaneously.  In  the  process  of  exposure 
special  care  was  given  to  maintaining  the  constancy 
of  the  air  flow  speed  and  the  sami>le  temperature 
(fine  regulation  of  the  temperature  was  accomplished 
through  the  use  of  a  ballast  rheostat).  Bach  new 
regime  was  operated  with  several  control  samples  in 
order  to  establish  an  arapere-speed  relationship 
(determination  of  the  current  strength  required  to 
maintain  the  equilibrium  temperature  of  the  sample  for 
a  certain  air  flow  speed).  This  provided  for  rapid 
heating  oi  the  sample  to  the  assigned  temperature.  The 
air  flow  speed  was  uetermined  by  measuring  the  differ¬ 
ence  between  the  full  pressure  in  the  forechamber  and 
I  the  static  pressure  in  the  operating  cross  section 


(the  cross  section  In  which  the  sample  was  located)* 

The  test  samples  were  f-repared  from  calibrated  sheet 
material.  The  test  material  was  Armco  iron  and  complex 
alloys  with  iron  and  nickel  bases. 

The  determination  of  the  total  loss  of  weight 
of  the  sample  was  made  by  removing  the  scale  which 
remaineti  on  it  with  a  special  reagent.  The  scale  from 
the  samples  of  Armco  iron  was  removed  with  a  reagent 
of  the  following  composition:  10%  HgSO^  +  1%  formalin 
+  H2O;  treating  time  —  2,5  minutes;  reagent  tempera¬ 
ture  —  3O8  to  ?13^K,  In  order  to  determine  the 
. corrosive  action  of  the  reagent  with  respect  to  the 
pure  metal  (the  determination  of  the  protective  action 
of  the  inhibitor  --  formalin) »  50  non-oxidized  samples 
were  treated  in  the  given  reagent  for  I5  minutes,  ' 

The  average  loss  of  weight  of  the  samples  after  treat¬ 
ment  was  4,905»10'‘^  n,  i,e,,  within  the  limits  of 
accuracy  of  analytical  scales. 

The  removal  of  the  oxide  film  from  the  sample 
alloys  w-is  performed  with  a  reagent  of  the  following 
composition;  20^/4  HCl  +  %  HNOj  +  5%  HjPO^  + 

The  temperature  of  the  reagent  for  the  iron  alloy  was 
355°K;  for  the  nickel  alloys  it  was  355°K;  the  treat¬ 
ment  tifiie  was  3  minutes.  In  order  to  deteroiine  the 
loss  of  weight  of  the  non-oxidized  sample  due  to  the 
etching  action  of  the  reagent  50  samples  of  each  aHoy 
were  treated  at  the  indicated  temperatures  with  a 
15  minute  exposure.  The  loss  of  weight  was  1,5%  for 
the  first  alloy  and  2%  for  two  other  alloys.  The 
calculation  of  the  corrosive-erosive  breakdown  applied 
I  not  to  the  whole  sample  but  to  an  element  of  it  con- 


sistinr^  of  a  disc  3  mm  in  diameter  which  had  been  cut 
"Pith  a  calibrated  punch  from  the  center  part  of  the 
sample  after  it  had  been  subjected  to  a  blowing  action 
(Figure  1).  The  initial  weight  of  such  a  disc  (equal, 
for  example,  to  915*10"^  n  for  the  first  alloy)  was 
determined  by  a  statistical  method. 

For  this,  100  discs  were  cut  from  those  places 
on  a  calibrated  sheet  which  occupied  a  similar  position 
to  that  of  the  cutting  of  discs  following  the  blowing 
of  the  sample.  Then  the  weight  of  the  cut  discs  was 
measured  and  a  frequency  curve  was  constructed  from 
data.  In  this  it  turned  out  that  the  weight  of  90?^ 
of  the  discs  from  the  first  alloy  was  in  the  range 
from  910*10"^  to  918*10“?  n  and  only  10)(>  had  an  average 
deviation  of  a  macnitude  of  +8* 10"®  n  from  the  average 
statistical  weight.  Thus  the  initial  weight  of  a  disc 
was  taken  as  being  the  average  number  from  90  measure¬ 
ments  of  different  discs. 

■  •• 

A  quantitative  indicator  of  the  breakdown 
process  was. the  loss  of  weight  (^P)  which  occurred 
in  tij>  formation  of  the  scale.  The  tot^l  result  of 
th9.^.deconipoaition  of  the  sample  during  the  operating 
regime,  was  determined  from  the  average  value  of  3  to  8 
experimental  points. 

In  studying  t:he  heat  resistance  of  Armco  iron 
in  an  air  stream  at  high  velocities  the  following 
factors  were  investigated:  air  stream  speed,  sample 
temperature,  time  of  exposure,  and  angle  of  attack  of 
the  sample.  The  results  of  some  basic  tests  are  shown 
in  Figure  2. 


Figure  2.  The  corrosive-erosive  breakdown  of 
Armco  iron  in  an  air  stream, 
a  —  relationship  of  the  average  speed  of 
breakdown  (n»m**^»sec  to  the  speed  of  the 
oncoming  air  stream  (to  the  M  number), 

T  ■  1075®K;  ^^at  “  ^  radians;  I,  II  ~  'C  ■  10; 

30  sec;  b  ~  relationship  of  the  average  speed 
of  breakdown  ^  (n»m“^»sec"^)  to  the  angle 
of  attack  of  the  sample  a  (radians), 

M  -  1.5;  T  •  10  sec;  I,  II  —  T  -  1173®K; 
1073°K;  3,  4,  5  —  number  of  averaged  experiment 
al  points. 


In  order  to  explain  the  influence  of  the  air 
stream  speed  on  the  speed  of  breakdown  of  iron  the 
following  characteristics  were  taken:  current  density 
(or  average  gravimetric  expenditure  per  unit  of  area 
of  the  pipe)  and  the  average  flow  of  kinetic  energy 
per  unit  of  area  of  the  pipe;  these  were  determined 
by  the  appropriate  means  /V* 

The  action  of  an  air  stream  on  heated  metals 
and  alloys  is  manifested  in  the  corrosive-erosive 
breakdown  of  their  surface  layer.  The  extent  of  -the 
corrosive  (physico-chemical)  action  of  a  gas  stream 
on  a  sample  is  characterized  by  the  speed  of  scale 
formation  which  depends  /1Q7  on  the  s|>.eed  of  bringing 
atoms  from  the  media  which  border  on  the  scale  (from 
the  ges  or  metal)  to  the  dividing  surfaces  between 
these  media  and  the  scale  and  on  the  speed  of  diffusion 
through  the  scale. 

The  speed  of  bringing  oxygen  atoms  depends 
on  the  speed  of  movement  of  the  gaseous  medium  (air) 
over  the  metal  being  oxidized.  In  an  aerodynamic 
tube  the  parameter  which  describes  the  number  of  air 
particles  (and  consequently  the  number  of  atoms  of 
oxygen)  and  their  speed  of  movement  is  the  gravimetric 
errpenditure  .of  air  per  unit  of  area  of  the  cross 
section  of  the  tube. 

The  erosive  (mechanical)  action  of  the  air 
flow  on  the  sample  occurs  under  the  action  of  the 
tangential  stresses  from  the  friction  forces  in  the 
border  layer,  the  action  of  which  can  be  evaluated 
approximately  from  the  change  in  kinetic  energy  of  the 
I  air  flow. 


In  a  subsonic  flo^'  refsime  the  influence  of  the 
air  flow  speed  (M  number)  on  the  corrosive-erosive 
breakdown  of  Arraco  iron  can  be  explained  with  the  help 
of  curves  (Figure  3).  Prom  Figure  2a  it  is  evident 
that  in  the  interval  from  M  -  0  to  M  -  8  the  speed  of 
the  corrosive-erosive  breakdown  increases,  which 
corresponds  to  the  increase  of  and  in  this 

interval 


Figure  3.  Relationship  of  the  average  flow 
of  kinetic  energy  through  a  unit  of  area 
of  a  pipe  (joules •sec“^*n’  )  and  the^^ 

average  density  of  the  current  (kg'sec*  • 
m"^)  to  the  speed  of  the  air  stream  (M  num¬ 
ber). 

The  transition  from  subsonic  to  supersonic 
I  speeds  has  not  been  investigated  due  to  the  absence  J 
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of  a  stationary  flow  regime,  the  presence  of  a  sharp 
inerssas  in  aerodynamic  loads  and  vibrations  which 
introduce  distortions  into  the  experiment,  and  the 
impossibility  of  exact  measurement  of  the  values  of  the 
parameters  of  the  air  flow. 

At  supersonic  speeds  (M>  1)  the  nature  of  tht 
flow  changes  due  to  the  aprearance  of  a  compression 
^1uap  in  front  of  the  sample. 

Zn  order  to  explain  the  effect  of  the  flow 
tpssd  on  the  speed  of  corrosive-erosive  breakdown 
it  is  necessary  in  this  case  to  consider  the  change 
la  the  parameters  of  the  air  flow  at  the  compression 
;)ump«  Zn  the  supersonic  regime  of  the  flow  up  to  the 
number  1*8-2. 0  (Figure  2a)  there  is  a  lowering 

of  the  average  speed  of  the  corrosive-erosive  breakdown 
which  corresponds  to  the  lowering  of  the  gravimetrie 
expenditure  when  M  >  1  (Figure  5)  and  to  the  lowering 
of  the  kinetic  energy  behind  the  Jump*  Despite  the 
increase  in  the  total  supply  of  kinetic  energy  in  the 
range  of  M*s  under  study,  the  portion  of  kinetic 
energy  acting  on  the  sample  decreases  because  part  of 
the  kinetic  energy  is  lost  in  the  compression  Jump* 

At  a  oon8iderabl3  increase  in  the  speed  of  the  flow 
(M  >  2),  the  portion  of  kinetic  energy  acting  on  the 
sample  will  increase,  which  will  cause  a  small  increase 
in  the  speed  of  the  corrosive-erosive, breakdown  of  the 
Armeo  iron* 

An  increase  in  the  exposure  time  from  10  to 
30  seoonds  (Figure  2a)  caused  a  lowering  of  the  average 
•peed  of  breakdown  throughout  the  entire  range  of  II 
I  numbers  which  were  being  investigated* 


This  indicates  that  the  scale  on  the  Armco 
iron  under  the  conditions  of  the  experiment  possesses 
protective  properties  and  that  as  a  whole  the  process 
of  the  breakdown  of  the  Armco  iron  at  the  selected 
temperatures  has  a  corrosive  character. 

The  results  of  the  investigation  of  the 
influence  of  the  angle  of  attack  on  the  corrosive- 
erosive  breakdown  showed  that  the  air  stream  has  the 
maximum  destructive  action  on  a  sample  of  Armco  iron 
of  an  angle  of  attack  of  approximately  TT/S  radians 
both  for  subsonic  (the  experimental  data  is  not  given 
here)  and  supersonic  velocities  of  the  air  stream 
(Figure  2b),  Similar  results  were  obtained  in  dusty 
gas  streams  /ll,  1^  at  high  subsonic  speeds.  Such 
investigations  of  an  air  stream  are  unknown.  The 
maximum  breakdown  of  thj  sample  at  an  angle  of  attack 
of  TT/e  radians  can  be  explained  with  the  help  of 

Newton's  impact  theory  (considering  the  viscosity  of 
the  medium). 

The  maximum  speed  of  the  corrosive-erosive 
breakdown  at  an  angle  of  attack  of  IT/S  radians 
should  be  connected  with  the  fuller  utilization  of  the 
kinetic  energy  of  the  molecules  of  air  upon  impact  with 
the  surface  of  the  sample.  This  condition  is  met  for 
a  certain  ratio  of  normal  and  tangential  components 
(with  respect  to  the  surface  of  the  sample)  of  the  ^ 

quantity  of  movement  of  air  molecules. 

The  initial  investigation  of  the  influence  of 
temperature  on  the  heat  resistance  6f  the  first  alloy  .  » 

was  conducted  in  an  immobile  gas  medium  (Figure  4a),  \ 
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Flp;ure  4.  The  kinetics  of  the  corrosive- 

erosive  breakdown  of  alloys  with  iron  and 
nickel  bases. 

a  —  relationship  of  the  loss  of  weight  of  the 
samples  of  the  first  alloy  ^  (n/m^)  to  the 
temperature  of  the  sample  T  (®K),  M  -  0; 

a  0  radians;  I  to  V  —  'C  ■  10?  50;  60; 

120;  36  seconds;  b  —  relationship  of  the 
average  speed  of  the  corrosive-erosive  break¬ 
down  of  an  alloy  ^  (n»n”^.sec  to  the  air 
stream  speed  (M  number),  X  ■  10  seconds; 

^  a  0  radians;  I  and  II  -  T  -  1573;  1473®K; 
c  --  comparative  evaluation  of  the  heat  resistance 
of  alloys  with  an  iron  base,  nickel  bases,  and 
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of  Armco  iron,  M  •  0.8;  Oi 


0  radians; 


I  and  II  —  g?  «  1275;  1473”K;  d  —  Armco  iron; 
e,  h  —  alloys  with  an  iron  base;  f|  g  —  alloys 
with  a  nickel  base;  3»  4,  5  *“  number  of 
averafted  experimental  points. 


For  all  tests  of  exposure  the  relationship 
of  the  loss  of  weight  to  the  temperature  had  the 
same  character.  Up  to  a  certain  temperature  area  of 
1373°K  ^  T  ^  1423®K  oxidation  proceeds  slowly;  at 
temperatures  above  the  indicated  area  the  heat  resists) 
ance  decreases  sharply  and  this  is  expressed  in  a 
sharp  increase  in  the  weight  loss  of  the  sample. 

The  sharp  decrease  in  the  heat  resistance  of 
an  alloy  having  an  iron  base  at  T  1373®K 
coincided  with  the  appearance  of  an  external, 
easily  removable  (upon  cooling)  layer  of  oxide  on  the 
surface  of  the  sample.  This  oxide  (on  a  cooled  sample)  • 
had  a  dull  gray  cast  end  possessed  magnetic  properties. 

The  sharp  drop  in  the  heat  resistance  of  the 
first  alloy  in  the  temperature  range  from  1375-1^23®K 
for  the  case  of  double-layered  scaling  on  the  alloy 
can  he  connected  with  a  phbnomenon  which  has  already 
been  observed  in  a  series  of  works  /V 
vaporization  of  CrgOj  at  temperatures  from  1373-1473®* 

If  the  oxide  enters  into  the  composition  of  a  more 
complex  oxide  (for  example,  of  the  type  of  the 
spinels  NiO'CrgOj,  FeO’CrgOj,  etc.),  then  there  is 
a  preliminary  breakdown  of  this  complex  oxide. 

From  the  outer  layer  of  the  scale  of  the  alloy 
Ijjhe  oxide  Or^Oj  vaporizes  with  the  preliminary  breakdownj 


r 

of  oxides  of  the  type  of  the  spinels  PeO'Cr^O*  and 
NiO'CrgOj.  2  3 

The  relationship  of  the  speed  of  the  corrosive- 
erosive  breakdown  of  the  first  alloy  to  the  air  streaa 
speed  (Figure  4b)  was  investigated  in  the  range  of 
speeds  0^  3  at  the  temperatures  of  1373  and 

1^73  K«  The  exposure  time  was  10  seconds*  An 
explanation  of  the  course  of  the  given  of  the  given 
relationships  at  subsonic  and  supersonic  speeds  was 
accomplished  with  the  help  of  averaged  parameters 
of  the  air  stream  and  (Figure  3)  similarly  to 
the  explanation  for  Armco  iron.  The  higher  speeds 
of  the  breakdown  of  an  alloy  at  the  temperature 
1^73  K  in  comparison  with  the  temperature  1373®K 
were  based  on  the  more  intensive  course  of  the  second¬ 
ary  reactions  in  the  scaling  of  the  alloy,  which 

causes  an  intensification  of  the  erosive  breakdown  of 
the  scaling. 


nonxi  resistance  of  the  first  alloy 


a.,-  ^  - - -  nap  UWjapar 

with  that  of  the  second  alloys  and  Armco  iron  at 
aj  -  0.8  and  T  -  1473®  and  1273®K  respectively  (4c). 

Figure  4c  shows  the  time  relationships  of  the 
loss  of  weight  in  corrosive-erosive  breakdown.  The 
fading  nature  of  these  curves  points  to  the  pre¬ 
valence  of  the  corrosive  process  in  the.  total  procesi 
of  breakdown  and  to  the  protective  properties  of  the 
scale  of  the  test  materials. 


Iron  at  T  ■  1273®K  and  at  a  flow  speed  of 
M  -  0.8  in  a  period  of  120  seconds  lost  approximately 
7.5  tines  more  weight  than  the  first  alloy  (curves 
Ij  and  e).  At  T  -  1473®K  in  an  immobile  medium  the 
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heat  resistance  of  the  first  alloy  differed  little  ^ 
from  the  heat  resistance  of  the  second  alloys;  where* 
as  in  an  air  flow  at  M  -  0.8  and  at  the  sane  tempera^ 
ture  the  heat  resistance  of  the  first  alloy  was  concider* 
ably  lower  than  that  of  the  nickel  alloys  (curves 
f»  St  and  e).  In  addition,  the  alloys  with  an  iron 
base  experienced  combustion  in  hi^-veloelty  gas 
streams. 

In  our  experiment,  for  example,  buring  of  the; 
first  alloy  was  observed  at  T  »  1493®K  and  an  air 
stream  speed  of  M  ^  0.8. 

The  possibility  of  the  manifestation  of  such 
a  process  of  burning  is  provided  by  the  high  iron 
content  in  the  alloy.  In  an  immobile  gaseous 
medium  a  sample  of  the  first  alloy  experienced  complete 
breakdown  as  a  result  of  melting  at  T  ■  1643®K.  we 
had  found  earlier  that  the  burning  of  iron  in  an  air 
stream  occurred  at  0.8  and  T  w  1373®,  which 
coincides  with  some  calculations  on  the  determination 
of  tbs  theoretical  consumption  of  air  (of  the  air  stream 
speed)  required  in  order  to  maintain  a  stable  burning; 
process. 

Symbols 

T  —  sample  temperature;  H  —  coefficient  for 
the  speed  of  the  stream;  %  —  exposure  time;  — 
angle  of  attack  of  the  sample;  Ap/s  -*  relative  loss 
of  weight  of  the  sample;  Ap/st  -•  average  speed  of 
the  breakdown  of  the  sample  material;  I^  —  current 
density;  —  average  flow  of  kinetic  energy 
I  through  a  unit  of  area  of  the  pipe. 
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Summary 


1. 


T-he  results  of  a  study  of  heat  resistance  of 
metals  and  alloys  in  an  oxidizing  medium  at  high 
velocity  are  presented.  For  the  experiments  a 
special  unit  was  designed  and  appropriate  methods 
were  worked  out.  As  a  result  of  the  investigation  a 
relationship  was  established  between  the  average 
velocity,  the  time  of  heating,  the  sample  temperature, 
and  the  orientation  of  the  sample  to  the  air  stream. 
Combustion  of  iron  and  iron-bearing  alloys  was  also 
found  in  an  air  stream  moving  at  a  high  velocity. 

The  heat  resistance  of  iron  and  of  some  heat  resistant 
alloys  in  an  air  stream  at  a  high  velocity  were 
compared. 
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THE  EFFECT  OF  TRANSVERSE  MASS  PU}V  ON  THE 
RESISTANCE  AND  HEAT  SXCBANOE  ASSOCIATED 
KITH  THE  TURBULENT  FLOW  OP  A  COMPRESSED  OAS 


?•  N*  Romantnko 
V*  N*  Ehardxtnko, 
Fortst  SnglBMTlnf 
Moteoir 

The  results  of  e:q>erimentAl  Investlgatlozif 
are  reported  on  the  effeota  on  heat  exdunge 
and  resistance  of  various  gases  to  injection 
through  a  porous  diaphrag;n  into  a  turbulent 
bounda:!^  layer  on  a  horisontal  plane. 


One  of  the  effective  methods  of  protecting  stream^- 
lino  surfaces  from  the  action  of  hl|^  temperatures  or 
Icinetic  energies  is  the  injection  of  liquid  or  gas  cool¬ 
ants  into  the  flow  through  a  porous  diaphragm.  For  this* 
in  order  to  design  a  porous  cooler,  it  is  neoe8S|py  to 
have  reliable  methods  of  determining  theimal  flow  and 
frictional  resistance  on  the  streamline  surfaoes  upon 
the  admission  of  mass  into  the  gaseous  flow.  The  tur¬ 
bulent  boundary  layer  offers  the  most  practical  inter¬ 
est  since  it  prevails  in  devices  for  \)hich  porous  oool- 
ling  is  necessary.  However,  even  in  those  eases  when  no 
transverse  mass  flow  exists,  a  laminar  boundary  layer  is 
established  and  the  injection  of  the  coolant  disrupts 
the  stabilized  flow  and  changes  the  laminar  flow  into  a 
turbulent  flow*  Consequently,  the  problem  of  heat  e*?r 
change  and  resistance  between  the  substance  and  the  gas, 
moving  relative  to  each  other,  during  poro^^oooliu 
leads  to  the  establishment  of  methods  for  dstemli^ 

,  the  coefficients  of  heat  exchange  snd.resistanoe  In  thi  | 
Loonditions  of  a  turbulent  boundary  layer*  -  wJ 
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I  Various  approxlmaticm  methods  of  an  analytical  solu^ 
tlon  of  the  problem  have  been  developed,  based  on  diagrams 
of  the  actual  flow  conditions  and  the  Introduction  of  a 
large  number  of  slightly  vaUd  assumptions,  and  also  ad¬ 
ditional  experimental  data  Hi*#  Ifl*  results 

of  experimental  works  on  the  effect  on  heat  exchange  and 
resistance  of  the  lnjeotl<m  of  air  Into  a  turbulent  boiundp 
ary  layer  on  a  horizontal  plane  have  been  published  In  a 
number  of  works  6,  8-1J3*  They  show  that  with  In- 
creased  consumption  of  injected  air,  the  coefficients  of 
heat  exchange  and  resistance  are  diminished#  However, 
the  values  of  these  coefficients,  obtained  by  various 
author^  at  Identical  oondltlonist  differs  considerably# 

A  short  summary  of  the  works  on  porous  cooling 

Is  given  in  D-?]*  ^  # 

The  results  of  investigations  on  frictional  resis¬ 
tance  and  heat  exchange  upon  injection  of  air,  helium. 


layer  of  heated  air  on  a  porous  horizontal  plate,  are  pre¬ 
sented  In  the  present  work.  Experiments  were  conducted 
on  an  e:q>erlmental  section  (Pig*  D#  representing  a  rec¬ 
tangular  thermally-insulated  duct  Which  has  a  porous 
copper  plate  with  a  $0^  porosity  In  the  bottom  membrane 
measuring  300x60x8  mmlpJoteJs  The  plate  was  made  by  the 
Chair  of  Physical  Metallurgy,  Ck>r»kovskiy  Polytechnic 
Institute)#  Dimensions  of  the  e^erlmental  section  were 
i|20xl5Qx60  mm. 

Injection  of  gases  through  the  porous  plate  was 
accoxi^ollshed  by  excess  pressure  produced  In  the  tank 
under  the  plate.  The  Injected  air  was  supplied  to  the 
tank  from  the  air  compressor  receiver  and  the  other 
gases  from  a  bottle  throu^  a  pressure  reducticn  valve#  ' 
The  static  pressure  drop  on  the  plate  was  checked  by 
a  differential  mercury  manometer.  The  cwsumptlon  of 
Injected  gas  was  determined  according  to  a  previously 
constructed  calibrated  graph  at  certain  temperatures 
and  pressure  differentials  of  the  plate.  At  the  given 
conditions,  the  volumetric  porosity  was  determined  on  a 
special  welding  device  according  to  the  volume  of  dis¬ 
placed  water  from  the  measuring  tank  by  the  gas  passing 
throu^  the  plate.  Weighing  of  the  porous  plate  was 
done  before  and  after  tihe  e:q>erlment# 

The  experimental  section  was  part  of  the  device 

described  in  L2j#  ^  ^  ^  x... 

The  following  quantities  were' measured  during  the 
experiment:  air  pressure  and  temperature  at  the  heater  . 

Loutlet  (front  of  the  jet};  the  dynamic  pressure,  and  alsoi 
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Fig.  1  Diagram  of  the  Ocperimental  Section 

1.  fltot  mloro-tube 

2.  Static  pressure  check  points 
3#  Boundary  layer  suction 

Porous  plate 
Plate  thermocouples 
6.  Injeoted-gas  feed  line 
7*  Side  ej^andlble  anibrandt 
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!  thft  temperature  of  the  air  flow  at  8  points  along  the 
length  of  the  plate;  the  static  pressure  at  10  points;  ths 
ten^erature  at  five  points  on  the  inside  surface  and  at 
five  points  on  the  outside  surface  of  the  plate;  and  the 
ten5)erature  of  the  injected  gas  in  front  of  the  plate* 

The  dynamic  pressiu?es  in  the  boundary  layer  and  in 
the  streamline  of  tne  check  points  were  measured  with 
pitot  mlcro^tubes  connected  to  differential  manometers 
filled  with  vrater  or  ethyl  alcohol*  Plow  temperatures 
vjere  measured  with  moveable  chromel*»alumel  thewiocouples 
at  the  same  points  as  the  dynamic  pressures.  A  record 
of  the  air  temperatures  at  all  points  was  made  on  tiie 
tape  of  the  electronic  balancing  potentiometer. 

The  pitot  mlcro~tubes  and  micro-thermocouples  were 
placed  along  the  center  of  the  plate  by  using  a  coordi¬ 
nate  system  idiloh  made  it  possible  to  measure  the  dy¬ 
namic  pressures  and  temperatures  at  check  points  0*05 
mm  apart.  Simultaneously,  the  fields  of  dynamic  press¬ 
ures  and  temperatures  along  the  sides  of  the  plate  were 
measured  at  the  first  and  last  points*  The  measurements 
showed  that  the  distribution  of  flow  parameters  along 
the  width  of  the  experimental  section  was  uniform.  Temp¬ 
eratures  of  the  plate  and  also  the  injected  gas  were  mea¬ 
sured  with  chromel-alumel  thermocouples  and  recorded 
with  the  aid  of  a  PP-25  portable  potentiometer* 

For  providing  a  build-up  of  the  boundary  layer 
at  the  front  of  the  porous  plate,  suction  of  the  bound¬ 
ary  layer  was  carried  out  at  a  distance  of  65  mm  from 
flow  Intake  onto  the  plate* 

Prior  to  starting  the  experiment,  the  plate  was 
heated  to  a  prescribed  temperature  and  held  constant 
throu^out  the  experiment*  The  required  plate  temper¬ 
ature  for  the  given  experiment  was  determined  on  the 
basis  of  previous  works. 

Reynolds  number  for  the  o:q>eriments  ranged  from 

10^  to  5  X  10^,  The  injection-rate  ratio  w®* 

measured  from  1  x  10"^  to  7  x  lO"-’,  ax^  the  tenperature 
of  the  air  stream  —  from  450®  to  550®K.  Temperature  rings 
of  the  plate  was  from  375®  to  420®K  and  the  flow  velocity 
ranged  from  25  to  75  meters/sec. 

Graphs  of  the  velocity  distribution  and  tempera¬ 
tures  for  each  cross  section  were  plotted  according  to 
data  from  measurements  of  the  dynamic  and  static  press¬ 
ures,  flow  texiperatures  at  the  check  points  of  the  bound¬ 
ary  layer,  and  plate  temperatures*  The  integral  proper- 
,  ties  of  the  boundary  layer;  G,  tfe,  and  f  were  detspnined 


114  ■“ 


Fby  these  graphs,  (h'aphs  of  the  change  of 
Ses  along  the  length  of  the 
coordinate  x)  were  then  construotjd.  In 
of  the  change  p,’  ui»  Ti#  and  along  the  length  of  tto 
section  were  constructed.  Au  these  data  used  to 
eSottUte  the  coefficient  of  ^rtctlcnal  reslst^e  o#  wd 
heat  flow  Qm/  on  the  porous  plate  according  to  tiie  _lnteg» 
ral  lii5)ulae  and  engery  relationships  f 

For  determining  the  flow  rate  in  the  boundary  «y 
er,  the  following  initial  equation  was  used: 


(« 


The  quantity  T »  associated  with  the  injection  of 
air.  vfl*  detennined  from  the  equation  of  statej 
according  to  the  measured  pressure  p  in  the  cross  Motion 
in  question  and  according  to  temperature  T  at  the  given 

point  of  the  boundary  layer.  ^ 

For  determining  the  specific  weic^t  Y  density 
of  the  mixture  during  injection  of  Ee,  CO2#  and  freon* 
12.  the  following  ratios  were  used. 

*  In  u2[I^  was  shown  that  in  the  oms  of  turbulent 
flow  arounu  a  horizontal  porous  surface  one  can  use 


u 
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The  tangential  force  of  friction  on  the  aewbrsne 


/du\ 
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On  the  other  hand. 


a) 


The  specific  mass  input  of  injected  gM  is  ex¬ 
pressed  by  the  equation 
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Flf,  2  Cg»pMlion  of  «pirt»ontol  dita  idth  rooulto 
of  variow  outboro  for  tho  oooffloltnt  of  rtafatoaeo 
upon  injocUon  of  oir  laU  a  torlwlaBt  bondiirx  layir 
on  a  horlaontal  platoi  2-(10l|  >U]|  H3]| 

Hull  HXSli  7-(l«l 


Proa  equations  (11)  and  (12)  we  have: 


(13) 


Th«  p»rtl«l  a#Mlt7  f  of  th«  Injeotod  gu  li  «• 
pressed  by  equation  (2) 


p'-P* 


(111.) 


Talcing  Into  aocount  equations  (13)i  (Hi-)#  (10)» 

we  bring  equation  (1)  to  the  following  form: 

Scbt 

L 

Equation  (l5)  represents  a  third  degree  equation 
with  regard  to  the  desired  quantity  u: 


^  ,+_lI  rJ  «r>^  ^ 

^Sc6,  L 


(16) 


X«’  +  2A7»-0. 


The  flow  velocities  in  the  boundary  layer  were 

determined  according  to  equation  (16).  “2”*’*?* 

narmeabilltv  parameter  bi  was  calculated  for  the  given 

W?S?flS  fS^Tih.  injected  ga.  “‘jr* 

parameters  of  the  streamline  ^^u^^  aooordlng  to  the  for¬ 
mula 


PxKiStPr*/*’ 


(17) 


The  Stanton  number  was  determined  from  the  heat 
balance  equation 

^3) 

hUvC^iT.-^TJ  V  ' 


1I8  “■ 


r**  Pbp  d6t6PBiliilxjg  th6  ixlhtrt&t  vtluti  of  th§ 
tanoo  oooffloient  o-  along  tho  Itngtti  of  th#  itroipiliy 
•Wfaoi,  the  intagrtl  relationship  of  iagnilsea  ms  usadi 


dS  +  ^  I  1 

dx  \  Ux  dx  pi  ds  /  N<<i  2 


(19) 


idiere 


-Jii-('-j)*  "-r  --jl 


Pl»l/ 


The  values  of  the  dimensionless  coefficient  of 
heat  exchange,  St.  were  determined  by 
methods:  from  the  heat  balance  equation  (11)  and  from 
the  integral  energy  ratio 


da  ,  r  1  dux  .  1  d(r,--r,)  l 

djr'^U  dx  r,-r,  dx  h  dx  J 


where 


J:  p,w,  [Ir^  i 


(20) 


w 

All  the  quantities  enooimtered  in  equations  (19) 
and  (20},  in  addition  to  o^  and  St,  were  determined  from 

experimental  data.  i.  - 

Experimental  data  for  the  effect  of  transverse 
flow  of  air,  helium,  carbone  dioxide,  and  freon-12  on 
the  resistance  and  heat  exchange  during  ^-gradient 
turbulent  flow  of  air  around  a  horlsontal  surface  mre 
correlated  in  the  form  of  graphic  relatlonihlpsi 

'**”  6-5s!fe.2- 

pi«i  th  ' 

For  determining  o^  ,  special  experiments  were 


Xl9- 


1 


foonduetdd.  A  hopliontu  ^ 

'  SaTvlSMr  at  tha  teii5.erat«a>a  of  *L  . 

Of  wai  dfttannlnftd  from  tha  axperlnantftl  dfttft  from  wia 
Intagral  impulaa  relatlondilp 


% 

2 


de, 

dx 


(a) 


Tha  dapth  of  inpulae  loaa  So  i!2?5!SS 

'-K('  x)*' 

0 

In  addition,  values  of  were  ^ 

method  of  P.  Clausar  QJfl  Btazlus'  formula 

^  »  0,0296 

« 

Teat  data  for  ,  obtained  from  aquaticm  ^21) 
and  Olauser’s  method  satisfactorily  agree  with  data  of 

f ormula^^  Stanton  number,  St^j,  was  determined  by  the 
following  formula  D-3* 


0,0296  Re; 


.-0.2 


l+0,87i4Re7®*'(Pr-l)  ’ 


U3) 


“0  6Y 

^It*is^evlLnt  from  Pig.  2  that  an  Inorease  In 

the  permeability  parameter  is  fS^b»2 

in  ria^tude  of  the  resistance  ooeffiolent  and  for  bW2 

is  almost  20i^  of 

Preventing  the  general  tendency  of  Of/of^  to  de- 

Qpease  with  an  inorease  in  b  for  the  data  of  the  vtfioui 
works  is  essentially  different.  Our  data  was  similar  toj 
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r;.  the  thioreotioal  data  of  *]^],  bated  on  Frandtlif 
theale  on  the  means  of  nixing;  041  $  based  on  the  bou:^ 
Kvj  zones  of  resistance;  and  the  eaq^erixoental  work  of  pJiJ» 

roxinatefl 
PlCOf  ibA 
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Fig*  3  Sffeot  of  the  in- 


obtained  in  conditions  Which  more  cloielj 
the  conditions  of  our  experinex^ju  Works  ... 

0-91  £^ve  too  large,  and  work  D.Q  i  too  smal 
of  the  injection  on  the  coefficient  of  resistance* 

VQien  Injecting 
gases  of  different  mole¬ 
cular  weight,  the  most 
desorease  of  resistance 
results  with  the  injec¬ 
tion  of  gases  wil^  a  low 
molecular  weight  (Fig*  3)* 

Freon-i2  reduces  resist¬ 
ance:  considerably  less 
than  air  and  particularly 
helium,  however,  at  iden¬ 
tical  inputs  of  injected 
gas,.,  the  effectiveness  of 
helltm  is  considerably 
greater  in  oor^arison  with 
air  than  air  in  comparison 
with  freon-12*  Carbon 
dioxide  takes  an  inter¬ 
mediate  position  between 
air  and  freon-12. 

The  effect  of  in¬ 
jecting  gases  of  differ¬ 
ent  molecular  weight  on 
the  heat  exchange  is  shown 
in  Fig*  4*  Data  of  this 
graph  shows  that  injection 
of  gases  essentially  re¬ 
duces  heat  flow  oa  the 
membrane*  It  is  signifi¬ 
cant  to  note  that  injected 
gases  of  different  molecu¬ 
lar  weight  effect  heat  ex¬ 
change  in  approximately 
the  same  way  as  they  ef¬ 
fect  resistance*  Helium, 
having  a  very  large  heat 
capacity,  is  a  very  ef¬ 
fective  coolant,  whereas 


■n  effect 


jeotion  of  various  gases  on 
the  resistance  coeffioientt 
l'-freon-12;  2-OO2;  3*alrs 
4-helium 
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A  - 
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P  4 

B  (?  br 

Fig*  4  Sff ect  of  the  in¬ 
jection  of  various  gases  on 
the  coefficient  of  heat  ex¬ 
change;  1-4;  see  Fig*  3 


freon-12,  with  a  heat  capacity  one-ei^th  the  magnitude  , 
Lof  helium  (in  the  investigated  ecnditlons),  only  slitfit--i 


pf  ftU  bPtwan  th.  polaH  tar 

fr60&*i2  tad  hAliun* 

SYMBOLS 

A—  coefficient  of  diffusion 
h  —  difference  in  manometer  liquid  levels 
specific  gravity  of  liquid  In  nanometer 
j  —  specific  mass  input  of  injected  gas 
L  a,,  R‘  -  respectively  the  gas  constants 

^ture  of  air  and  injected  gas,  \mdlsturbed  flow, 

Re  ,  sSe  --^Reynolds?  numbers  of  the  undisturbed  flow 

T,  \  ""  respectlvely^the  tempera¬ 

tures  of  the  boundary  layer,  undisturbed  jljw, 
injected  gas  in  front  of  the  plate,  the  plates, 
adiabatic  drag  of  the  boundary  layer,  a^labatJ^ 
drag  of  the  undisturbed  flow,  and  the  equilibrium 
temperature  of  the  membranes  4.u. 

o’.  PJ  —  partial  density  of  the  injected  gas  in  the 
'  boundary  layer  and  near  the  nenibrane 

b  —  permeability  parameter  characterizing  the  effect 
^  substance  transmission  over  the  surface  of  a 
streamline  body 

Indices  —  1,  parameters  of  the  undisturbed  ^J-ow;  0, 
parameters  for  a  plane  impermeable  plate  In  iso¬ 
thermal  flowj  a/,  membrane  parameters 


smn-iARY 

Gas  injection  into  an  air 

decreases  skin  friction  and  heat  transfer  with  small  con- 

air,  heU».  o»b»n  dloxW., 

and  freon-12  were  injected  throufi^h  a 

Xt  is  shown  that  with  Increase  in  the  molecular 

wei^t  of  the  injected  gases,  their  effect  on  skin  fric¬ 
tion  and  heat  transfer  decreases. ' 
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6. 

7. 


«««>•«  v  «- 

preislois  (31)  (32)  rasptotlvaly. 
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PfiRPORMANCE  OP  POROUS  ELECTRODES  IN  A 
DlPPCSK^  PROCESS  OP  RSAOSNT  SUPPLI 

V.S.  Bogottkiy  and  I.Ot  Quravldhi 
Powers  Engineering  Institutti 
Aeadeiy  of  Seienees  BeloruMlriB  8SR» 
Minsk 

The  problem  concerning  the  dlitrlbutlon 
of  the  electrodiemloal  proeeif  by  neani 
of  electrochemical  polaH.zatiOQ  ohm¬ 
ic  leas  through  a  porous  electrode  of 
finite  thiokneas,  operating  in  a  dlffu- 
sion  system,ls  inveatigated.  A  general 
solution  in  the  closed  form  is  given. 


in  applied  electrochemlatryj  the  use  of  porous 
electrodes,  having  a  developed  external  surface,  Is 
associated  with  desire  to  intensify  electrode  proces¬ 
ses  to  the  maximum  and  at  the  same  time  to  obtain 

noted  specific  properties. 

in  connection  with  this  there  is  much  sif^f- 
cance  in  question  about  the  effective  use  of  su^  elec¬ 
trodes,  explained  by  the  macro-kinetlo  nature  of  J^e 
electrode  process,  leading  to  a  non-unlfoma  distribution 
of  its  intensity  in  the  volume  of  the  . 

in  most  of  the  published  works  Ll-lWi  directly 
or  indirectly  related  to  the  present  question,  the  prob¬ 
lem  conoemlng  the  intensity  of  the  electrode  process 
in  the  volume  of  the  electrode  is  solved  Iby  one  ap¬ 
proach  or  another)  analytically,  issuing  from  the  gene^ 
ral  theory  of  the  field  distribution  in  the  eleotrolytlc 
cell  tPolsson’s.®?*^^^^®^^  used)  by  means  of  mass-teans- 
fer  processes  EL3-3|3  or  without  suoh  transfer^-lOj. 

In  works  &lf  the  electrode  is  investigated  as  being  i 

L  . 
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oiaotroohMiloal  procaas  In  th«  „rfi^  vojlca 

SuiSf  rf^?h»  InvasSeatad  pnobl^  ^  iaaerlbad  laa 

of  0.  3.  Kaanahalc  IJO,  Ig  and  I.  ®*  ^  olactroda  In  a 

lan  oonoamlns  iS”  nora  ganaral  fop- 

dlffuslon  sratan  la  inveatlgatea  in  a  m  ^  loaalboth 

?r«S*.JiitJrof  finlt.  tblak. 

..4  m  the  following  system  (Pig*  X)* 


a-eleotrioal  cell  diagram; 

of  potential  through  the  J*P^-®J^^®T5ot?odi 

aTftQtrode  a  netallio  skeleton  of  tto  ,e 

(Ij,  electrolytic  solution  wltiiout  current  (2) 

and  with  a  current  (3) 
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Fa  popoiw  altotrod*  of  thlclcnlii  L  wm  BvOomre^A  in  an  H 
elaotrolTtlo  ohariber.  In  tha  praaant  workf  tlia_aaaa  ia 
Invaatlgatad  tdiara  tha  raaganta  ara  althar  alactronautral 
molaoulaa  or  the  corraapondlng  Iona  of  tha  alaotrojyta# 

It  ;l8  auggestad  that  transfer  of  alactronautral  nolaoulaa 
of  tha  reagent  and  product  in  tha  invaatlgatad  aystam  to 
the  alactroda— alaotrolytlo  ohanbar  la  aeoonpolishad  only 
by  maana  of  molaoular  diffusionf  and  tha  trana^r  of  ioha 
of  tha  alaotrolyta— by  naans  of  diffusion  and  nigration 
in  the  alaotrlo  field  of  tha  alaotroda. 

It  ia  further  auggestad  that  tha  ionic  oonoantra* 
tlona.  oomrorialng  tha  working  adxtura  and  filling  the 
alaotrodaj  considerably  axoaad  tha  ocnoantratlona  of  |^a 
alaotio neutral  molacuas  of  tha  reagent  and  product.  This 
condition  makaa  it  possible  to  study  tha  conductivity  of 
the  mixture  and,  in  addition,  to  disregard  tha  diffusion 
potential  formed  due  to  non^u^form  distribution  of  tha 

ionic  concentrations.  .  ^  ^ 

Conditions  are  provided  for  maintaining  constant 
volume  Un  the  electrolytic  oharibar  at  a  certain  distance 
from  the  electrode)  conoantratlons  of  reagent  of  and  pro- 
duct  0^  or  by  means  of  chamber  dimensions,  or  by  means  of 
a  continuous  supply  of  reagent  and  removal  of  the  pro¬ 
duct  formed. 

In  the  steady  state  an  amount  of  products  equi¬ 
valent  to  the  magnitude  of  the  currant  I  flows  to  tha 
alactroda  and  an  equal  amount  of  products,  foxnad  in 
too  course  of  the  reactions^  is  removed  from  the  alao- 

troda.  ^  ^ 

In  tha  present  work,  during  tha  study  of  the 
transport  stages  of  the  alaotroda  process,  the  flow  of 
alactronautral  substances  (reagent  or  product)  are 
taken  into  account 


qim^D/  qfodci,  (1) 

Suppose  that  in  tha  alaotroda  a  reaction  of  tha 
form  below  takes  place 

V,P +  (2) 

Assuming  the  visible  surface  of  tha  alaotroda 
is  sufficiently  large  in  order  to  neglect  edge  off  eats, 
and  tha  structure  is  very  finely  porous  in  order  to 
have  tha  possibility  to  be  diverted  from  a  oooorata 
struotura  and  to  study  the  alaotroohanioi^  rasation 
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roocurrlng  in  the  entire  volume  of 
done  b3^a.  B.  Zel'dovidh  17  )»  poeslbly  change 

to  the  study  of  a  unldlmenslonal  problem. 

Since  the  distribution 

electrode  process  (tvue  current  density  i)  ttoou^  W 
depth  of  the  porous  electrode  is  assoolated  with  bow 
the  distribution  of  reagent  and  ^oduct 
and  the  distribution  of  potential,  then  ve  will  com  to 
a  system  of  two  equations  describing  the  function  of  the 
electrode.  Cne  of  these  is  Piok*s  equation 


nFa 


i. 


(3) 


a) 


and  the.  other— Poisson* s  equation 

V  *  sRJi- 

Prior  to  analysis  of  the  system  of  ^3) 

and  (li),  it  is  necessary  to  decide  on  the  suitability  of 
use  of  Poisson’s  equ8.tion  in 

speaking,  it  describes  the  distribution  of  the  solution 

^  Neglecting  the  resistance  of  the  metallic 
ton  in  coitg)ariaon  with  the  2^  S* 

mixture  in  the  pores  of 

obtain,  independent  of  coordinate  x,  J^® .f®P®5"?®®  ®i„ 
the  metal  potential fw  (line  1,  Pig.  1,  b) 
la  no  current,  the  potential  of  the  solution  (eqixillbrluw) 
7,  also  independent  of  x  (line  2),  then  under  load 

j?  ' 

^  The  potential  drop  on  the  electrode  surface  in 
the  absence  of  current  is 


(5) 


and  the  potential  drop  for  the  electrode  under  load  is 


d9»7ii“"7p* 

Then  polarization  of  the  electrode  is 

f{ 

Differentiating  (7) •  we  obtain 

dfj  dfpp 

L  dx^dx' 


(6) 


(7) 


'.a; 

V.., 


<«)  j 


9 


of  alJ^tSlUo  •toljtoa  ®L*$J,*i!!2S«*iidS’ 
aldepably  •xoaeded  the  conductivity  cf  the  working 

POT  tho  klnetlo  natur.  **’" 

tho  Mq)r*««lon  from  the  thoory  of  a»l»yo«  aitohorgo 


(9) 


In  order  that  the  system  of  equations  13) 
proved  to  be  oori?>lete,  we  find  the 

localized  values  of  ooncentrations  of  product  and  reagent 

which  should  make  it  possible  to  elMnate  the  concentre 
tion  of  the  product  from  equation  19)* 

Vfriting  Pick's  equaticn  (1)  twice,  ®*^®® 
reagent  and  wee  for  the  product,  and 
of  the  substance  from  the  electrical  ma^iitudei  and  c^f 
fioients  of  the  reactions  l2),  we  obtain  respectively* 


dr  nFDp 


(10) 


dc. 


•  —  I 

dx  nFDu  *’ 


(11) 


Eliminating  I*  ^^0)  we  obtain,  after 

dlfferentiatiw,  the  interesting  relation 


V,  Du 


(12) 


L 


For  this,  in  order  to  change  equation  (32)  from 
unlmowi  values  of  concentrations  on  the  S*.. 

respect  to  the  opposite^electrode,  i.  e.,  for  x-L)  sw 

face  of  the  electrode  c^  and  cf 

tratiens  o-  and  o,,,  we  Sill  ^y  the  onions  of  re- 
agent  difxfiiion  from  the  electrolytic  chamber  to  the 
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l 


r;i,otro6..  A..unl«  th. 

of  reagent  end  product  in  t^  obtain 

frontal  surface  of  the  electrode 

folloiSng  •x^vBaim  for  current  per  unit  visible 

surface  of  the  electrode. 


“  %  8  * 

Then,  using  the  e:q?ression  for  limiting  cm»rent 

I  2£5tt’ 


(13) 


m) 


».  obtan 

coefficient  of  "barging”  the  electrode  (O^d^l)* 
Finally. 

Simillarly  we  obtain 


(X5) 


(16) 


Talcing  into  account  equations  (12), 

equation  (9)  can  be  rewritten  in  the  following  form. 


exp  - 


(9') 


Wo  introduce  the  following  symbols: 

:  5-7-:  V.-l’:  *'.*— 

Vp  .  Cf  . 

ifor  most  porous  electrodes  d*10"^  or  10  ^  12  )•  If  . 

L.  .  '  ■  ^ 
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alaotrode  daoraasaa  diffusion  only  by  its  stvuotora^ 
without  ragard  for  tha  propartias  of  tha  diffusing  sttb- 
stanosithan  it  is  avidant  that  dnadm  i*  a.  DA/^sU/lDu 
Than  tha  aiq)rassion  for  i  is  sisjliadt  nr 

Xexpf---^^^  t,j| 


RT 


and  tha  systam  of  aquations  (3)  and  (1|.)  is  ravrittant 

Iff  ‘  (tF  ' 

^exp[-^1  - 


V/* 

\fL 

nFDi 

-( 


1  + 


i  c: 

-a)f 


RT 


(18) 


faf 


(i+^ 

-  'Oext 

r  (n— a)p 

r  ( 

‘  ar 

*1  j 

Talcing  into  account  that  for  the  conditions  of 
tha  invastigated  problem  (Pig,  1,  a),  tha  flow  of  tha 
aubstanca  and  current  across  the  back  surface  of  tha 
electrode  is  zero  and  across  the  frontal  surface  is 
respectively  equal  to  ^p/nFl  and  I,  wa  obtain  tha  boun«* 
dary  conditions  of  the  following  form: 


V  “  0,  f{  |x«t  *  RJ\ 


Cp|x,4  “0, 


(19) 


L 


System  (18)  is  a  systam  of  two  non-linaap  differential 
aquations  of  the  second  order. 

We  will  rewrite  tha  systam  of  aquations  (18)  wad  ^ 
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Pboundary  coundltlona  (19)  after  prevloualy  being  ohtt^a^ 
to  a  dimensionleas  coordinate  from  the  condition 

to  diioenflionleee  concentrations  from  the  condi¬ 
tion  osop/oj'  (O^o^l)  and  to  dimensionless  polarisations 
from  the^oondition  uallji^^Lj:. 

Then 


jcexp  «j— (£— Alc)exp 


(fl-o)e 

•  II 

(ft—a)  0 

>  <u> 


(18') 


and  boundary  conditicms 


vihere 


^  It— 0  “  0,  i(Mt  *  ^0, 


,.|d, 


'B|«l 

I  /?r/fltF 


(19 ») 


Equating  the  first  equation  of  the  system  (18)  to  the 
second  we  obtain 


(20) 


After  a  double  intergration  of  (20)  taking  into  account 
the  boundary  conditions  for{^«l  we  have: 

(a) 

where  Ks^B,  and  Gp  —  the  second  integration  constant* 

Substituting  (21)  into  the  first  equation  of  .. 
system  (l8*)  we  obtain 

L  c'--4l'{i(iCexp(/C.c)-(£-«c)<cFexp[^)C,c]}'.  (22)  J 
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rihare 

fub8tltut6  tb#  vaplabli  qutntltlti  aooordlng  to 

c-ln;.  U3) 

Thon  •(jiuttlon  (22)  oan  bo  rowitton 

vlth-boundtry  oondltlcns  z'lt^sO;  2'|c«i  «K2i 
Horo  , 

/iW--; 

.2 

»— w  »— *  ) 

/,(*)  — /Ciln«2''*+* +  (£— Mlnz)/Ci“  *  "  . 


Subitltutlon  of  p(z)az'(C)  n»k®«  ppsslblo  to  roduco 
the  order  of  equation  (^)  and  bring  it  to  the  form,  of 
a  Bernoulli  equation 

P'-/i(«)P  +  /i(*)P'‘‘-0.  (21|.») 

The  boundary  conditions  are  written  respectively: 
p(2)l,-,.-0;p(z)l,-,.-/C*|. 

A  subsequent  substitution  q(s)sp2(8}  makes  It  possible 
to  reduce  equation  (2lf*)  to  a  linear  equation  :dth 
variable  coefficients 


q'-2/,(2)q  +  2/,(«)-0. 


(21^* ») 


Integrating  (2k* ' )  By  loiown  methods  and  deter¬ 
mining  the  Integration  constant  from  the  boundary  con¬ 
dition  for  f  si: 

*•  P*l»-*i  *-1  * 

wo  obtain  a  solution  In  the  following  form: 

ft 

'  ..11* 
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n 


In  order  to  dotemlne  Ki  (e^lloltly  and 
Ing  the  constant  of  intergratlSn  O2  of  emiatlon  (20) 
in  It)  we  use  the  boundary  condition  for^sOs 

A  solution  in  the  general  form  of  the  derived 
equation,  with  regard  to  is  diffult.  P(»  valuei 
of  OTand  n,  satisfying  the  relationship  "1#  the 

equation  becomes  quadratic  and  the  following  e3q;>pession 
is  derived  for  E]|^: 

K^«Q+V?-B  (25) 


where 


Bm 


Q  .  (jf-  ii(,in».  -  n  -4'-  i/CiIiift  -  lir: 

BK,  (-J.  -  j-j.  + 'I  -  + n 


and  from  Which 


(26) 


Performing  the  reverse  transformation  from  the 
change  of  z  to  the  change  of  0,  we  obtain 

5  -  J I j<«  +  2^1*  j^-l-Ccxp  IM IJC/-  U  -exp  [Ka -  U)  + 
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r 

+4-  f <«*P  I-  K/)  -  e«p  I-  Kiftl)  -  ^  (exp  I-  M  X 

Ai  \  A|  Af  ^2*f) 

XW(.e+  Il-exp(-KieJMfA  +  M>)]j-'**. 


Tha  ptlttlonahlp  between  o  end  C  (27)  *  toown  epproxK 

iSatlon  otn  be  slupllfled.  CondtdePlng  that  for  the  . 
majority  of  Ideal  systems  the  quantity 

•^*T 

and  reolaoing  first  two  members  of  the  ea^ansion  wito 
eaQ)  (K-o)  we  derive  the  following  eaqpreasion  instead  of 

(27J  ^ 

<»  f  I  M(p  (4- + 


Integrating  (27*)  in  the  given  limits  we  obtain 


where 


— i-[ 


(26) 


L 


J 
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rThen  for  the  dimensionless  concentration,  the  followlngn 
es^resslon  can  be  wlttens 

V  — ^  ch  +  Arch  j  —  b  ^29) 

— :  2a  “ 

\ 

Ehterlng  the  concentration  at  the  ba^  surf  ace  of 
the  elaotro^ln  (29).  ®o 

solving  the  transoen^ntal  equation  ^29)  vAtii  the  boun 
dary  condition  formal: 

c^  a  1-9 

The  egression  f<r  the  dimensionless  polarization 
(21 J  can  then  be  written  In  the  following  form: 


_  _  2flc,  +  h] 

l/’-Ach  ? 0  +  Arch  y  -b 

— - m 

+  %i  ln(Q'  +  /5’'’^, 


(30) 


Where  aid  B‘  —  the  values  of  Q  and  B  talcing  into 

account -the  above  assumiptions# 

The  distribution  of  polarization  and  current 
throu^  4ie  porous  electrode  are  described  by  the 
following  expressions: 

RT  e  RT 


af  a„ 


/:rrchf«/T+J'ich?^]-6  (31) 

_ y  —A 

M  ^ 

+  ^ln((J'+l^5’^)], 


The  obtained  solution  of  the  problem,  In  the 
closed  form,  concerning  the  distribution  of  intensity 
of  an  electrochemical  process  through  a  porous  electroosj 
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C27)  in  A  diffusion  sjstoai  and  th§  oxpra salons  resulting 
fpon  it  ^ulth  the  given  Assim^tiona)  for  polarisation 
^31J  and  ourrent  (32)  present  the  most  dlffio\iltj  for 
analysis*  Overooming  this  diffioulty  will  be  studied  is 
subsequent  reports* 


SYMBOLS 


i>*««dif fusion  coefficient  of  the  j-ooznponent  in  the 
^  electrolyte 

D(^->effeotlve  diffusion  ooeffioient  of  the  J-oonponent 
J  in  the  porous  electrode 

d  —ooeffioient  of  diffusion  dilution  at  the  eleotrode 
in  oonparison  vdth  diffusion  in  the  free  eleotrolytf 
V.o^stoiohiometrio  coefficient  in  the  J-oonponent  of 
^  the  reaction 

s  —  speoifio  siirface  of  the  porous  eleotrode 
R^— effective  resistance  of  the  operating  nizture  in 
the  pores  of  the  electrode 

n  —number  of  electrons  participating  in  the  reaction 
F  —Faraday's  nuiober 

cc  -Mfisinetio  ooeffioient  of  the  eleotrode  reaction 
d««ithiokness  of  the  diffusion  layer  at  the  frontal 
surface  of  the  eleotrode 
6)— "charging”  ooeffioient  of  the  eleotrode 
I  —  "oontaiainaticm”  coefficient  of  tbs  reagent  witii  the 
product  of  oxidation  (reduction) 
ip^io  —  current  exchange 

lo^-effective  value  of  the  current  exchange  on  the  porous 
eleotrode 

-variable  (first  introduced  in  11  )  characterising 
the  relationship  between  the  transport  dilutions  to 
the  diffusion  layer  adjacent  to  the  frontal  surfaot 
Q  of  the  electrode  and  inside  the  eleotrode 

the  dissipation  capability  factor  oharaoterizing 

the  relationship  between  eleotrode  polarlsability 
with  a  limiting  ourrent  and  the  obnio  resistsnos 
filling  its  operating  mixture 


SUMMARY 

The  problem  is  solved  on  the  distribution  of  the 
eleotrochemioal  process  through  the  depth  of  a  porous 
L  eleotrode  of  finite  thiokness  under  the  diffusion  ocn* 
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rSransXator'8  note:  In  the  preceding  translation 
Sisslan  letters  were  used  as  subscripts  and  supersonpta* 

PolloHlng  1»  a  list  of 

as  used  in  the  test:  P— (sub. )  solutlm;  P— (syer.  )eq:ul- 
llbrium;  (the  remaining  are  subscripts),  ff— product; 
iH— metal,  9«electrode;  wpc|— limiting 
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SLSCTHICAL  ANAIOGRJE  SOHJIXCN,  BY  OBMIC  RESI3TANG8 
OIRCUITS,  OF  THE  SYSTEM  OP  DZFFERBINTIAL 
BQOATIONS  FOR  HS4T  ARD  MASS  TRAHSF8R 


L*  A*  Xosdoka 

Iiittltau  of  llavol  lagiioorit  (Mmm 

A  xsethod  for  the  eleotrloAl  analogue  solu** 
tlon,  by  ohialo  reaiatanoe  olroulta,  of  the 
system  of  differential  equations  for  heat 
and  mass  transfer  is  giren  (Jlf  The  re* 
suits  are  bompared  with  the  nunerioal  soln* 
tion  of  D], 


.  The  system  of  differential  equations  of  beat  and 
mass  transfer  in  the  unidimensional  ease  vith  transfer 
ooeffloientsy  \diibh  depend  on  tenmerature  t  and  a^rtoe 
oontdnt  vl,  ’^sACtyu)  and  a'BaUtyu;,  has  the  fora  ’ 


1  a  A  dr  \  *p  d« 

dt 

c^^  dx  \  dx  1  c  dx  ’ 

■ 

du 

(1) 

dx 

dx\  dx  1  dx 

0<X4»L. 

In  Iy2  ,  boundary  oonditions  for  system  (^nere 
introduoed*  The  boundary  conditions  for  the  surf^  of 
x«R  of  the  plate  (width  and  length  are  oonsidersBly  lar¬ 
ger  than  the  thioloMss  2R)(Fig.  I,  a)  with  a  s^metrleal 

Lb 
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riu.8trlbutlaft  of  twaporaturo  and  xnolsturo  ccaitant,  pala-"**] 
tlvo  to  tha  center  plane  (x«0),  have  the  form; 

•  ^xlJL]  +al4-<(R. + 

\  dje  JgmK  _ 

'“d-L'"''''!*)-.*''”'*'  isi 

plify  ayston  (!)•  Then,  if  to  write 
ite  iuttlioit  form,  it  is  possible  to  introduce  the  ex¬ 
press^  for  the  parameters  of  the  ®l“nio  resistance  clr- 
cSts  ilhich  a  solution  for  temperatures 
moisture  contents  (R'^-cirouit), 
sions  for  the  parameters  cf  ^  ^3:;  ® 

similar  to  the  derivation  i^lkt  “Jf^iS^nLe.- 

with  Kirohhoff  »s  law  for  oirciat 

sary  to  determine  the  parameters  of  the  R^-circult  (Pig. 

1,  b)  by  the  expressions; 

•  •  At  oi  ' 

(5) 

AVLVAtiy,  _ 

“  (eT(,),t(li5(“i. 

Dl  _ilS.  (7) 

'<•1  a,*,  ’ 

(6) 

and  the  paranetepa  of  the  R“-olroult  (Kg*  1»  *)  ^ 

expressions 

RjrRV'^-  (9U 


I 


aorosf  the  enda  of  resistors  1;  voltage  Is  removed 
at  Junotlons  0  aid  aj  sad  voltages  sad  wa  sup* 

plied  across  resistors  3  and  li.  respectively;  o— rf^r^lp* 
cult:  1— resistor  l8^2— R^,  3— 1;— %•  Voltes 
^  k-1  across  the  ends  of  resis^d^d  1» 

]j>  is  removed  at  Junctlcns  0  snd  n;  snd  is  re* 
moved  at  2  and  3*  V.—voltage  slmulatlag 


iS.-^Rl"  ii 

*  I  • 

iVJk-ajTwUf  • 


(10) 

(U) 


LV’lfR} , .  ' 

**•  ■ 

t  I  ' 


(U) 


Om  H*-  tti  rf*-otreulti  foaf  ioItIm  th*  unlUntt* 
alonal  symmetrical  problem  are  L 

[jipaoe  interval  in  ret^ions  *«0  and  xsR  is  taken  o/Zf  J. 


TSe  lunotlons  1,  1  are  located  at  distances  xsih 

tTOBL  A  (iflOf  ' 

When  the  transfer  coefficients  are  talsen  as  cons¬ 
tant,  e3q?reasions  {li.)-(12)  have  the  form: 


R*  -  K 


N* 


(V) 


ad* 

T 


Rf, 


(5*) 


(60 

XR‘ 

(7') 

«;-T5inr^’ 

(80 

..H,  ,  • 

_  ' 

(9') 

c(it  „ 

(10* ) 

AV"^o''*Rw 

R}‘  *  q'Ht 

(U') 

iVT  ■  n. 

(12') 

In  the  general  ceeet  unequal  apace  and  tiee  intervals  vere 
ehoaen.  Onlp  the  eeeureey  of  solution  depends  on  the  eagnitudes 
of  h  and/  t,  while  convergence  and  stebiXitj  ere  independent  of 
h  and  A  t,  aince  the  solution  of  finiu  divergent  equations  for 

R-eireults  leads  to  an  iaplicit  systsB 

< 


I 


r  In  the  aajns  way  as  inTli.,  3*  wqprisilons  ware  ^ 
Introduced  for  oaloulating  the  paraxaeters  of  the  R**  and 
jiU^olroults  for  solving  the  system  of  aquations  of  heat 
and  mass  transfer  written  in  reotangular  coordinates  (two 
and  three  diiaensicnal  problems  )i  for  the  system  of  eq^av 
tiono  written  in  cylindrical  or  polar  coordinates*  and 
for  dimensionless  equations  in  any  coordinate  system* 

Zhe  method  of  solving  problems  of  heat  and  mass 
transfer  by  electrical  analogues  is  identioaL  to^ha  mat* 
hod  for  solving  \msteady  heat  flow  problems  Ui.*  5j»  but 
the  solution  is  parallel  to  R**  and  R^-oirouits  (Tig*  !)• 

Wb  Shall  determine  the  distribution  of  u  in  we 
m  time  jjiterval  according  to  the  Imown  distribution  of 
u  at  the  (m-1)  time  interval  and  by  the  known  boundary 
conditions  at  time  su  The  parameter  of  the  R“-oirouit 
also  depends  on  (to-t«)  at  the  (m*l)  time  interval. 

After,  having  obtained  ]£)> 

mine  R^»  and|  according  to  the  known  distribution  of  teo|>** 
eratures  and  boundary  conditions  at  (m*l)«  we  detarmina 
the  distributi(»i  of  tmnperatures  in  the  m  time  interval. 

It  is  possible  to  detemina  u  by  the  known  differ¬ 
ence  Interval  m  in  the  second  approximatlcn, 

howeveri  experiments  showed  that  It  la  reatrlcted  by  one 
approximation. 

Since  the  solution  is  discreet  in  space  and  time, 
then  at  each  step  it  is  possible  to  ohanaa  the  paramatara 
of  the  R'®-  and  IT-cirouits  with  space  and  time  in  order  to 
calculate  the  variability  of  the  physical  properties  of 
the  naterlalsi  boundary  oondltionSf  etc. 

In  tables  1  and  2  are  presented  the  results  of 
solving  the  system  of  differential  equatio|M  of  heat  and 
mass  transfer  by  electrical  analogue  for  R^-  and  R“-olr- 
ouits  and  the  results  of  PJt  derived  by  a  numerical 
method. 

The  conditions  and  numerical  solution  were  taken 
according  to  pj.  !^e  relative  error  is 

A> .  LiLzi:  lOOX;  lOOK  . 

It  <<■ 

Problem:  A  wall,2Rso,09  meters «  having  an  initial 
teaqperature  t||*10^0  and  an  initial  moisture  content  of 
Uua0.27«  was  placed  in  an  environment  at  t0a9OOo« 


.  Its  — 


r 


«  «  10,44  X  •»  0,03 

Cm  1,885  <ca*c-i6r-*.epfld“»C;  7«-  14715  . 

P  -  2388,3  KdM-iur^\  4  -  lO"*  « 

«  -0,l;  Ki-0,3;  Lu-0,08; 
a  K  X/C7  H  32,91  •  10^ 
a'  -  aLu  -  2,63- 10-*  jtf-eur*; 

H‘jir*'Ceir^ ; 


-6976*  10- 


5 126,667®  C. 
c 

V/6  take  h:0« 01125  meters.  Dividing  the  plate  into 
elementary  sections  was  done  according  to  the  dlagraa  In 
Fig.  1,  a.  Since  the  problem  Is  sTmaetrloal,  the  solu¬ 
tion  was  carried  out  on  half  and  R^»olroulta»  and  u 
and  t  were  determined  at  the  junotlons  where  xsQ  (center 
of  plate),  0.01125,  0.0225,  0.03375#  and  0.0li5  meters 
(surface). 

The  resistance  circuits  consisted  of  class  0.2 
variable  resistance  boxes ^th  Integrator  charts  used 
as  the  measuring  diagram  m. 

The  tenraerature  and  moisture  content  of  the  wall 
£faoe  (xsO.045  meters)  wore  determined  according  to 
...  as  the  half -sun  between  values  t  and  u  at  a  given 
rime  Interval  at  point  xaO.  03375  meters  and  at  Imaginary 
point  xsO.  05625  motors. 

Srror  in  the  solution  due  to  aeUO  was  evaluated 

In  TS]* 

Results  are  given  In  the  tables  for  hours. 

As  the  Initial  distribution  In  the  experiment,  the  dis¬ 
tribution  of  t  and  u,  obtained  for  the  time  Interval 
0.2  hours,  was  tj^en  which  was  also  the  Initial  distri¬ 
bution  used  In  fX]. 

Selection  of  the  Initial  distribution  Influences 
magnitudes  of  error  The  initial  distribution  accord¬ 
ing  to  tables  1  and  2  lead  to  a  decrease  of  In  the 
first  steps  of  the  section  In  comparison  with  the  Ini¬ 
tial  distribution  of  [37.  . 

In  Fig.  2,  the  errors  4*  and  4^  are  given  for 
Ijsxperlments  at  :0.6  hours.  Znoreaslng  the  first  j 


—  iw 


s 


r^ep  from  0,2  to  0.6  hours  leads  to  an  Increase  of  error^ 
(oon^are  tables  1  and  2  and  Pig.  2). 

The  Initial  distribution  of  t  and  u  in  the  e^qperi- 
mentf  the  errors  are  given  in  Fig.  2,  are  the  sane  in 
tables  1  and  2. 


Pig.. 2  Change  of  4^  (1,  3»  find 
5)  4^  (2,  k$  and  6)(5^)  with  time 
at  points  at  distances  from  the 
middle  of  the  plate  (meters } : 

1,  2-0.01125;  3,  4-0.03375; 

5,  6-.0.0l}5 


Helative  errors  were  determined  initially  from 
the  numerical  solution  [*3]  vJith  the  step  4t*0.2  hours 
(tables  1  and  2)  with  a  correction  in  the  first  step. 

Prom  the  tables  and  Pig.  2  it  is  evident  that 
the  error  drops  with  increasing  number  of  steps  in 
tine  and  after  $-6  steps  is  coaparatively  small. 

By  the  corresponding  selection  of  the  initial 
distribution  (similar  correction  Introduced  in  the  first 
steps  of  the  numerical  solution  LPJ)t  by  the  decrease 
of  the  time  intervals  in  the  first  steps  of  the  solution, 
and  by  the  decrease  of  space  intervals  in  the  zones  of 
sudden  drop  of  t  and  u  can  reduce  maximum  errox>s  and 
obtain  time-interval  errors  not  exceeding  2-3^. 

In  such  a  manner,  electrical  analogues  of  dhmio 
resistance  circuits  can  successfully  be  used  to  solve 
iJbhe  system  of  differential  equations  of  heat  and  mass  j 


"1 


!  tranafw.  Tha  arror,  in  eoaparlaon  vith  tka  noMtleal  aolatlon 
aitar  5-6  atapa  in  tlna,  la  aaall  and  avtfieiantlj  aeenrata  tor 
anginaarlng  praetlea. 


SYMBOLS 


alaetrlcal  raalatanea  of  tha  elrcttlt  for  dataralnlag  aoijtaro 
eontant  (r“  -elrenlt) 

**  alaetrlcal  raalatanea  of  tha  elrenlt  for  datanalnlng  toiporatnro 
(R*  -circuit) 

R|l  —  atandard  R-elrenlt  raalator 

—  Interval  of  tlaa  ■  (  ■  0,  1,  2,*..} 
t  S>^oataat  voltage  drop  (whan  datarainlng  u  and  t  In  a  drying 
proeaaa,  Vn  la  tha  nlnlnun  voltage) 

—  factor  for  tranapoalng  fron  analogna  paranatara  to  voltagaa 
alaetrlcal  analogue 
It  —  nunarleal 
c  —  anvlronant 
H  —  InltUl 


Tha  paper  praaanta  axpraaalon  for  calculation  of  paranatara  of 
ohnie  raalatanea  clreulta  In  tha  syatan  of  differential  aquatlona  of 
heat  and  naaa  tranafar  at  variable  phyaleal  paranatara  (1,  2). 

Tha  raaulta  of  aolvlng  tha  teat  problan  (3)  (tablaa  1,  2  and 
Fig.  2)  -ahow  that  thla  nathod  la  aufflclantly  accurate  for  fglnaoring 
practice. 
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TBAKSITIONAL  HEAT  CONDUCTIVITT  IM  MDLn-LAYBRED  MBDU.  II. 
DOUBLE-UYERBD  SYSTEMS  AMD  THE  DETBSMIRAnOH  OF 
MIMIMDM  HEATING  TIME  FOR  A  SYSTEM  OF  A  GIVEN 
HEAT  CAPACITY 


I.  S.  Zaydtnaan  and  G.  F.  Maehnlk 

Th«  ncthod  it  exaiilned  for  tha  aolutlon  of  contact  problaaa 
with  tha  breaking  coefficient  (Part  I)  ia  nae  for  the  aolution  of  the 
"internal  problema"  for  double-layered  flat  ayateu. 


The  differential  equation  for  heat  conductivity  for  the  tirat 
and  aecond  laytra  ia: 


M  /I  ^ 

F  ‘•x?" 


a> 


Liaiting  conditiona  (the  problea  ia  aolved  for  the  eaaa  of 
adiabatic  partitiona)  are:  .1 

-fei  -« 


|jr-0 
#1  M 

»i  \gmt^  ■» 


j 

Initial  conditiona  (fig.  1): 

4(0,  »)-/#;  4(0, 


L 


(2) 

(3) 

(4>/ 


(5) 


J 


14S 


•* 

' 

P 

2 

__J 

^1 

b 

Ofi  QB.  t, 2  {I 

Fig.  1.  Doubl«-l«y«red  lyatAa:  •-  itattMnt  o£  the  probln; 

b-  d€t*naln«tion  of  tht  first  root  of  tho  eharaettristic 


Solution  for  ••parat*  layars: 

I  2/C.sinpMCospu;gexp(~p»T) 

fal  P/(i  sin  pu  sin  cos  Places  14,)  ’  («> 

QB 

t  /  V  ^^^*^t*i/Cospi,(;f,~;f)  exp(-“p^T) 

Tt^  *  /m!  P/(/ sin  p„  Sin  p*,  -  «  cos  pi,  cos  p^J  ’  (6a) 


vhtra 


6, 

K  «l  \  Of 


I  *=  — -i—  Kt  +  ^  •  n  »  K  j.  .  If  ^ 


Charactariatic  aquation 


^«tgP«-  -tgPu. 


(6.b} 


Taminal  taif^aratura  of  tha  ayataa  can  ba  datanainad  froB  tha 
tharaal  balanea 

~L  <'**• + '•*■>•  JL  <«-rTHr  • 

trn/S  Ttn^  (7) 


bacauaa  in  tha  cooiMn  fora 


t 

7i0^ 


tc,l, 


(7^s) 
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>  TlMrMphjrileal  proptrtUa  of  thoott  aro: 
ti  m  1.848*  10*J.«-5  .dog-1,  cj  ■ 

•l  ■  1.38*10’^  c«*.ioc“l,  •  0.97'10‘W*  goe’', 

O.J5JW.-*.4n-*,  o.W7*..->.4h-‘. 

f’l  ■  0.03  CM,  fj.  0.083  ea. 


Froa  iriilch 


Finally 


K.-0.S9,  |H,-8.66|>„  ih, - 0,*1  |i, . 


/„.°a-«.=^+  O.OB35  _  . 

0,037  ■  ^  0,0312 

,-W3S.  J)^_. 

0,0312  ^  0,037  ' 

Charaetorlatle  aquation 

0,59 tg (2,66 p)«  ~tg(0,8Ip). 
Firat  root  (fig.  1)  p,-0,83, 

-  480  -  1700  J]  f (pj  oos  ~  g)  exp  ( -  pj  t). 


Than  *  0,555, 

/i »  480— 1700*0,555*  cospii(X|— x)exp(-  0,83't). 


x-x,  /,-480  -  945exp(-0,6»t). 


.m  I.K  “  «fM«irad  to  dataraina  tha  tiaa  aaeasaarr  for  mrmLnm 

up  tha  axtraaa  right  layar  to  tha  ta^aUra  1.  ^USa 
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iobtain«d  from  (6. a): 


-,7).  2.303  tel^»(lh)l 


Lat  ua  axaaina  a  doubla-layarad  ayatw  aarxoandad  by  adiabatic 
partitiona,  tba  ratantion  capability  of  irtiich  ia  conaUnt.  Ihia 
■aana  that  Cj  ^  ^  ♦  Cj  f  2"  wd  t  ■  conat, 

thia  laada  to 

const,  c,2,»  const. 


For  auch  a  ayataa,  tim  T  (t)  poaaaaaaa  tho  following  propartiaa: 

1.  t  k  ti«.  If,  .)  ..d  ar.  radacd  k 

tiaaai  f  i  •“d  §  2  •’f*  incraaaad  k  tiiMa;  c)  tha  proportion 

^1/^1  ia  incraaaad  k  tiwaa.  In  particnlar,  T  baeoaaa  aaro  if 
§^/  and  bacoM  aaro. 

2.  X  doac  not  dapand  on  ^  ^  if  tha  corraaponding  X  ^  and 

eonvaraaly  on  X  if  tha  corraaponding  ^  ^-^O. 

.On  tha  baaia  of  propartiaa  1  and  2,  it  can  ba  eoncludad  that 
V  Ct)  ia  a  honoganaoua  function  of  tha  first  dagraa  with  raapact 

+  (9.a) 

whara  b^  and  b2  ara  constant  with  raapact  to  ^ ^  and  X  £. 

Wa  strass  again  that  fonuila  (9, a)  holds  trua  only  whan  ob- 
sarving  conditions  (9) .  Acotally,  in  tha  ganaral  casa  tha  waraingup 
procass  (cooling  process)  is  datarainad  by  tha  fhuriar  eyitariua 

*  ^/Sx  *  ^^dh  can  ha  aaiily  shown  if  agoation  (1)  is  writtan 
[to  diaanaionaiaas  fora  J, 
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( 


“i 


Jle  ^«e 


e-/(Fo.  X); 


X 


X 

T' 


For  wiltiloyorod  tyotou,  at  will  bo  ohoim  bolow  In  tho 
ozaa^lo  of  tho  four-loyorod  oyotoo,  tho  eondltloni  of  iisllority 
•loo  hold  troo  in  obtorvlng  tho  eonstoney  of  tho  erltorlon  Fo,  i.o., 
tho  roduetion  of  all  a^  by  n  tiaoa  loada  to  an  Ineroaao  (C)  by  n 
Md  a  roduetion  of  ^  ^  loyora  aiaultanooualy)  — 

to  tha  roduetion  T  (t)  by  n^  tiaoa. 


Homvor,  with  ^  ^  ■  eonat  and  62  2  * 


Fo, 


Fo, 


At 


k 


i.o.,  hold  true  (9. a). 

Tho  solution  of  tho  probloa  for  a  two-layarod  syatoa  ean  bo 
usod  for  tha  solution  of  its  own  typo  of  liaiting  probloa  —  dotorain- 
ation  of  tho  ainiaua  tiao  noeossary  for  tho  "axtraetion"  froa  tho 
first  shoot  of  a  eortain  aaount  of  haat  by  aaana  of  eontaeting  thia 
•hoot  with  a  body  '’oquivalonf’  to  tha  roaaining  layora,  vhieh  poaaoaaoa 
tho  total  torainal  boat  eapaeity  ej  /  j  inf inito  hoot  eon- 

duct  ivity  (tho  caso  of  tho  inf inito  hoot  eapaeity  of  a  body  loada  to 
tho  known  probloa  of  tho  first  sorios  with  a  soro  liaiting  toapora- 
turo).  lha  thoraal  contact  at  tho  odgo  of  tho  shoot  is  oonaldorod 
idoal.  Thia  probloa,  of  eourso,  ean  also  bo  solwod  Indopondontly 
if  wo  plaeo  as  tho  aoeond  liaiting  condition 


or  take  a  thoraal  balaneo  oqoivalont  to  it 

V 

9 

Howovar,  wo  will  iaaodiatoly  obtain  tha  solution  of  this  liai¬ 
ting  probloa  as  a  aoparato  caso  in  tho  solution  of  tho  two-layorad 

systoa. 
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A«  a  aattar  of  fact,  froa  (9. a)  with  X  2  a?  ^ 

t  (/)  *  ^  *  ‘tinin  . 

Thla  alao  la  tha  aought  alnlBim  tiaa  naeaaaary  for  tha  axtraetion  of 
a  apaclflad  aaount  of  haat  froa  tha  firat  ahaat.  For  anj  ayataa, 
conaiating  of  M  ahaata.X  aln  datataina  tha  li^d.tlng 

boundary,  in  which  caaa  wa  ahould  taka  for  tha  haat  capacity  of  tha 
aacond  layar  (c.  ^  2)  ^  cgnivalant  hMt  capacity  of 

tha  ayataa  . 

(7.1, -Sc,  8, 

'  tmt  \ 


fora 


Tha  ovarall  aolution  of  tha  Halting  problaa  haa  tha  following 

itM  ~l‘i.9lnp,+  lc,Vfi*i+n«»l*a  ’ 


Tha  eharactariatic  aquation 


(9.d) 


Tha  aariaa  (9.c)  quickly  convargaa  and,  baginning  with  a  apaeifiad 
Fo  ■  (Folxialting*  taraa  bacoaa  aaall  in  coapariaon  to  tha 


firat. 

Than 


iVq/i 


-  p,  Sin  p,  +  \ci  5,/c, «,  +  I  lew  p,  • 


(9.0) 


For 


aaall  valuaa  of  Fo,  tha  rapraaantation  with  x  ■  ^  mb  ba  written 
_  j, _ It  ' 


tha.  original  of  idiich  ia 

^(*1 .  »)  -  ^a  -  ^a  exp  (^t)  erfc  {bVx), 


L 


(9.£) 


•whtr«  b  ■  /•jcj/cj/’  2  i  "I  *  •rt;  Mf  U  a  fimetloa  of  ortorTI 

For  tha  co^riaon  and  avaloation  of  tha  foianlaa  obtainod 
abova,  tha  Halting  problaa  waa  aolvad  by  tba  nnaarleal  Mtbod  of 
taralnal  dlffaraneaa. 


Iba  baale  agnation  and  axtraaa  eondltlona  la  tba  tamlnal 
dlffaraneaa  can  ba  praaantad  In  tba  fotat 


4  ^4  I  P~~  ^  *  t  ^  i 

U+l.«  “  —  ^m,n~\  T - -  *111^  T  « 

P  P  P 


lAara 


P  (Ax)*’ 


•••  *  •  4 ; 

""V  er  '-O; 


I ! 


Wi.  II  ”  •  *(^"».  X  ~  );  * 


X,At 


(10) 


(lO.a) 

(10. b) 
(10. e) 
(lO.d) 


Aa  can  ba  aaan  from  aqnatlont  (10. c)  and  (lO.d),  for  calculating 
tanparatura,  two  "faro”  layara  ara  Introdnead  —  ona,  loeatad  to 
tha  laft  of  tha  flrat  layar  (with  Indax  n  ■  o),  and  tha  othar  to  tha 
right  of  tha  laat  layar  (with  Indax  n  ■  m)  at  a  dlatanoa  otAz/2 
frow  tha  partition.  Thaaa  layara  parwlt  aatlafylng  tha  Halt Ini 
eondltlona  of  tha  alaalon. 


Tha  taaparatura  of  tha  partltlona  (l.a.,  polnta  x  lat 


Froa  which 


f  _  iV+I  +  C.  AT 
**♦«  2 - 


(11) 


.u  ,  »«  tha  ralatlonahlp  (11),  tha  ta^aratnra  of 

tha  la^r  01  ♦  1)  la  dataralnad.  Tha  taanratora  of  tha  laft  aaro 

tha  ralatlonahlp  (lO.c).  fabatltntUg  (11) 
In  (lO.d)  wa  find  • 


(ll.a) 


L 


4 
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Tht  solution  hst  s  phjrsicsl  tlgnlfleanct  (It  dots  not  violatn 
ths  tscond  law  o£  thanodynaalea)  with  l-2k>0i  i.a.,  k4j. 

For  tha  Bodulus  p  In  aquation  (10),  a  valut  graatar  than  2  or 
•qual  to  2  should  ba  takan.  Howavar,  In  tha  lattar  eaaa,  tha  polnta 
ootalnad  froa  tha  aolutlon  will  fluetuata  about  tha  trua  waliiaa, 
which  la  vAj  It  la  racMoandad  that  p«3  ba  takan. 

Tha  calculation  la  aada  with  tha  usa  of  subsaquant  oparationst 

a)  Tha  taiparatura  of  tha  layar  (!♦!)  la  dataralnad 

4.  Af4l  *  2/,,  //  —  . 


With 


Th*  tan^ratura  of  tha  Innar  ahaat  la  datamlnad.  Including 
tha  Nth  layar  by  tha  formula 


*  Y  «+*) 

ate. 

c)  From  tha  found  values  t,,i  and  t,,^,  t.^^  „  i,  datamlnad. 
In  thla,  Is  found  from  (11). 


*o,lt  ■®.  h  jj  ■  2kt^  1  Tha  Interval^  X*  P  ■  2 


•  At 


(11b) 


Solution  (11. a)  can  ba  broken  Into  two  coaponantsx 

W//-0,+e,. 

qulta  rapld^  c«lcal«tlons  ahow,  tha  valua  0  ^  asaumaa  a  stable  value 
tta  taq>aratura  of  tha  limit  t^^^  jj  In  thla  eaaa  can  ba  found 


with  th!  ‘***  •“  prograaalon) 

with  tha  Initial  tarn  ^2  tha  denominator  (l-2k); 

C+i.  //  -  (1-2A)%.  ^  (ii.c) 


L 


2k 


lit  li  r«eoHMiid«d  to  uk*  ••  tko  ttorttort  o£  tho  bowdarr  i 
at  aoM  tiaa  Utonral  aftar  tbo  atart  of  tho  proeaaa  (C^r  asa^^ltt 
•  XO).  and  for  ^  2  —  tbo  avorago  Talno  botvaan^^*  ao  ^2. tarn, 

idiara  ^  tana  ■  ^  ^^tana* 

Tbaa.  with  lo*  10.  t,^  208.b*C,  0  j  ■  19.7®C  firaa  tba 

aeearata  calculation  t^i^xi  *  27d.5®  ,  and  frca  tba  fonnla  (11  <c) 
tbx.ix  ■  382.0^.  Tha  arror  la  1.5%. 

Flgura  2  praaanta  a  collar iaon  of  tba  data  for  eoaputatlon  of 
tba  taaparatura  of  tha  partition  of  tba  aacond  abaat  obtalnad  vltb 
tba  oaa  of  tba  oparatlon  and  nuaarlcal  aatboda  of  calculatiani  tba 
convarganca  la  aofflclantlp  aatlafactary. 


Flgura  2.  Cio^parlaon  of  ealeulatlen  aatboda 
1-  function  of  arf ;  2>  aolutltn  with  tba 
flrat  tam  of  tba  aarlaa:  3-  niMarleal 
■atbod. 


Fraa  tba  drawing,  It  can  ba  aaan 
that  wltb  0.05  aaeonda,  fanHla  (O.a) 

ahould  net  ba  uaad,  and  vltb  O.IS 
aaconda,  fonwla  (9.f)  prawldaa  an  anor. 


Froa  (9. a)  It  can  ba  dataralnad 


vhara 


fih)  - 


2coapi 


(12) 


Iba  valuaa  ^  and  (/^^^  ift  Fftaaatad  la  tha  UbU>  Witk 


—  IM  - 


L 


icj  /  j  ■  conit 


W  I,  i,  ■ 


which  wci  noted  abovn. 


TAM.n 


Roots  o£  the  Charactarlatlc  BquatlonH*— nod  fnnctlona 


0.036 

0.047 

0.070 


Figure  3  ahowa  data  from  the  calculation  with  various  terainal 
taqperatures  o£  the  systen,  as,  Cj^«l,848*10®J  ‘wS.  deg'  fi 

®2  /2*0‘®^25*1oV  n‘2.  deg"^.  (next  page) 

The  curves  obtained  are  the  lixiting  curvet  for  the  wnlti- 
layered  ayttex  with  those  c^  and  ^  ^  possessing  the  aaae  retention 

capability  C2  and^  2  "O'WS  cal  (aa^ 

The  results  of  the  calculation  T  (t)  according  to  fonult 
(9. a)  are  presented  in  figure  k,  (next  page) 

As  can  be  seen  fron  the  figure,  all  calculating  points  are 
well-plotted  on  straight  lines,  in  uhieh  respaet  in  all  cases  b2«eonst 


"1 

'  rig.  3.  Mtnlaw  tiat  eC  kMtUg 

tk«  ifsttat 

I-  tt^*530*.  VII50*C;  2- 
ggO*C,  3- 

V1SO0*C 


I 


f 


rig.  k,  D»p«i4tne«  q£  wimiagHir 
tSai  T  (Me)  of  th«  fjitta  on 
tbt  thlckMst  of  partltltii  oC  thi 
••eon#  fliMt  ^  MtffUiMt 

of  hoot  eondaef iTltyi  1-4  •  X 1 
rooftetifolr  ogMl  to  O.Uit 
0.42;  0.04;  1.4  (V*a-1 
5-  lor  4-a|  ■ 


I 


L 


J 


(■ 


Syabola 

ttani  '**'  tarmlnal  tti^aratura  of  tho  —  root  of 

tho  ehoroetorlatie  oquation;  /  f  2  ““  thicknoaata  of  layora; 

X  1*  X  2*  ^1'  **’  of  boat  eondaetivlty  and  boat 

capacity  of  tba  layora;  0*  -  t  —  dlMnaionlaaa  tiapara- 

turoj^*]^  ,  ^  X  —  pulaatlng  intorval  in  tiaM  and  apaco;  ■  --  tlaa 
index)  n>  apace;  —  tenperature  of  a  body  with  infinite  beat 
conductivity. 

Sunmary 


By  neana  of  a  general  netbod,  preaented  in  Part  1  for  aoae 
oniltilayer  ayatena,  the  unateady  teaperature  field  of  each  eoaponant 
of  a  two-layer  adiabatic  ayatea  with  internal  beat  aonrcea  in  one 
of  the  layera  ia  found  and  analyaed.  A  niniMa  tiae  required  for 
heating  aucb  a  ayatea  to  the  preacribed  tenperature  ia  eatlaatad 
both  by  the  analytical,  and  nuaerieal  aathoda.  The  exact  aolutiona 
are  given  in  the  final  fora. 
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QM  THB  HE4T  COMDOCTlVITr  OP  Al  BPLlMI'in)  FU.T  UAIX 


A.  F.  Khrttttal*v 

Savaatopol  Branch,  Odaaaa  Fclptcchnle  Inatltutn, 

Savaatopol 


A  ia  r«co«aandtd  for  tha  thrat-dintnaional  atationarp 

fiald  o£  an  unlinltad  flat  vail,  half  tnnaraad  In  a 
haat~>glviAg  nadlua,  whtla  Ita  othar  half  ftvaa  off  haat  In  a 
haat>aanaltlTa  aadiim. 

Va  ara  daalgnatlng  tha  ralatlva  coafflclant  of  haat  azchanga 
batwaan  tha  haat  giving  nadlin,  tha  taaparatura  of  which  (^ngaa 
only  In  tha  dlractlon  of  tha  x-axla  according  to  tha  law  Tj  ■  £(*). 
and  tha  wall  through  h^,  and  tha  ralatlva  coafflclant  of 

haat  archa»g*  batwaan  tha  wall  and  tha  haat-aanaltlva  nadlnn  throngk 
h.  Wa  tahv  tha  tanparatura  of  tha  haat-aanaltlva  layer  aa  agual 
to  aaro. 

In  auch  a  forwilatlon,  tha  aolutlon  conallta  of  tha  datanlna- 
tlon  of  tha  function  T  (x,  y.a)  aatlafylng  tha  Laplaca  H««tlon 


Pt  ,  A*r  ,  i’r 


0 


(1) 


and  tha  Halting  condltlona 

±^+*r-o  «) 

I- 

whara.p-±6,  Ul<*t  <i<0. 


^  IdO  ^ 


A 


With  rciptet  to  tht  function  f(x),  wc  atouM  that  It  can  ba  ^ 
rapraacntad  in  tha  interval  (  ~«o  ,  ^eo  )  by  tha  cona-intagral  of 
Fourier,  i.a., 

/W-'j|-4(»cosMP. 

Wa  note  that  tha  case  of  a  two-diaanaional  stationary  taapar- 
atura  fiald  of  a  flat  wall  which  corraaponda  to  f(x)  ■  const  is 
araainad  in 

It  is  not  difficult  to  verify  that  tha  function 

cospjtrfp  J  B(tt,P)cos(K «•— |>*^p)exp(i»)dB,^*^ 


in  which  y  «  P  b,  s«vb,  B(tt,  ^  )  is  tha  arbitrary  function  of  tha 
affactiva  paraaatar  ^  and  tha  coaplax  paraaatar  u,  and  tha  contour 

of  integration  represents  tha  entire  siwilatad  axis  with  tha  diver¬ 
sion  of  tha  origin  of  tha  coordinates  in  aeeordanca  with  tha  hour 
hand  and  satisfies  aquation  (1).  It  raaains  to  satisfy  conditions 
(2)  and  (3)  which,  on  tha  basis  of  (5)  with  ■  1  raspaetivaly 
taka  tha  fora: 

fcos?jdp  \  #C(tf,P)exp(w)<to-0  forO>0; 

+•  r  < 

JeosMP  J  for 


/((a,P)  ■  ii^  {hbcoi 
tr 


-V  «»--  V  «*  - 

hbcLsy  a*— — 


.  Idl  — 


r 


Cpndltlont  (6)  and  (7)  will  te  MtUfUd  If 
(tt.  P)  exp  M  dttmO,v>0; 


— !• 
i+i 


(•) 

(*> 


btctuM  kwl**  *t«**^S  ^idU  c»iuU«r- 

tf  cot  e  liittprtlii*  by  !>  !«•  O’  " 

,tUB  ot  (4)  »  M«  (‘>  •»*  <” 

U  K».  pni*  l»  th*  »•»«•  »•  <“>•*  *■  *  " 

y  (., » )  u  «*.!«  ta  tb. «.«.  v^'  •»« « *““■ 

tUu  ..tuty  tb.  r.q«lt««t.  ot  tb.  J~4."  I—  I"  ‘X*  «•**«»“- 
dine  rangat. 

At  tb.  .rl»U  of  cooMoottof  («.^).  ‘I-"  >*  * 

aiiVla  pola  with  tha  raaidua 


tharafora 


hM^) 

re84»(«,P)l«-t“-  2«i  ’ 

^a(P)i<(P) 


h6ch»fr4P6shP6. 

®'^^“A.6chp64p68hp^’ 

For  tha  conatructlon  K(u,^  )»  following  ^  *• 

tha  Inllnltlva  product 

JL  1  —  M/gt 

n(l*.P)-n  (10) 


•  la  tha  poaltlva  root  of  tha  aquation 


I  and  b|(  la  tha  poaltlva  root  of  tha  aquation 

H^bcoiV V 

In  which 'TT  (u,  ^  )*  l  —  for  aufflelantlp  larga  /ulln  tha 

^  /r  »  ' 


ranga 


0  <  *  ^  afg«  <  2*  — 

NoV|  It  la  elaar  that 


A^(ii  {i)»- jL^(P)  ^  (13) 


and  tha  functlona 


+• 

2itiJ 


a(P)i4(p)cosp«ipx 


^  f  n(«,p)cos(|/‘tt*--6*p*)pexp(i<o)(fa 

J  u{hbcosy  +  ' 

+• 

---^  r«(P)-4(»cosMPX 

— » 

V  r  Itn  [n  (in,  P) exp  (ivn)\  ch  {V  n*  +  ^*b^o)dn  ^ 
^  n(McnK  n*ti>*6*+K  «*  +  [>’6"sinK  rt»  +  ?*i*) 


.  btk  C  i4(P)chpfrpchMrfg 

2  J  A,6chp<p  +  ^6$hp6 


aatlaflaa  aquation  (1)  and  tha  Halting  eondltlona  (2)  and  (3). 

By  tha  nathod  praaantad  In  37i  «a  find  tha  Halting 
valua  T  and  *  dT  with  y  ^  *  0,  ^  and  wa  also  dataralna 
"  dy 
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( 


tte  rttponM  T 


+• 

— • 

*'*“®*f**jtl  — » 

+• 

llmr-O,  llmr-W,  f'^fflchftpeoiM? 

,.+.  ,._  ’  J  *,»chf»tp»»hp»  ■ 


Ut  Uf  MCMiliit  anothtr  thrM-4lMnilon«l  atatloiiary  taiMra- 
tura  fUld  of  an  unlialtad  flat  wall  vltk  wisad  liaitlag  eoadltiaaat 

tr 

aT  — X. —  a^O  viMBaj^"*0,  |x|<«e,  |*|<ac; 

dU  (15) 

A.r 

^  +  ^7'«i0wliarey»6,  |4f|<oo,  0<*< +oo; 

'ILr  ■ ' 

Jyf /l,rF-/l,/(x)whara/— 6,  |x|<flO, -flo  <j<0.  Q75 


With  raapact  to  tha  function  f(x)  it  la  aaauMd  that 
aspanalon  (4)  la  appllcabla. 

Tha  aolutlon  eonalata  of  datanlnlng  tha  function  T(X|  f,  a) 
which  aatlaflaa  aquation  (1)  and  tha  llaltlng  condltiona  (15)  -  (17). 

Zt  la  aaay  to  ha  convlncad  that  tha  function 

1  *r  r 

— •  r-im  ^ 


~lf4  . 


I 


n 


exp(ttp)diu 


(It) 


aatlifUa  •quation  (1)  and  condition  (15).  It  malna  to  aatiaCy 
conditlona  (16)  and  (17)  which,  on  tha  baaia  of  (It)  aaaoaa  tha 
fora: 

JcosMP  J  i'Ci(tt.?)exp(«»)dB-Oahath,p-),  »>0;  (19) 


>;+/• 


J  cosMP  J  1'i(tt,?)exp(iw)Ai»A,/(x)whiif(i  p-  1.  o<0. 

-•  — i*  ‘  . 


(20) 


Bara 


‘i  I!  ...  V 


...  V  •  ' 

9, («.  py . Mi>adii V'  + 


— Pft^cosl^  «*— — X  («•— P*6^)  sin  V  ; 

9i(tt,p) 


q>,(«,P)-iA,0«asiny  a»--.f*b*  +  X6L  V 

\ .  I  !  "  •'•  :  ■ 

+  80V"a*-p*6^cosV  X(a»-p«6»)sln/«>-J^t^* 


whara 


L 


Aa  bafora,  wa  find  that 

,  '  y.  («■  P)  -  -  ^  f’  ”■  <“•  P . 

2«/  fi(0,P)  u 

y,(0.p)  _  c^8hP0-HAPchP6-|-a0chP0.i-Xyshpt  . 
ta(O.p)  "sAaShpO  +  Xt^PchpO-habchpO  +  Xp'shpO* 

-nf^> 

a.i  1  “  wOa 
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wWi  b|^  art  potltlvt  roota  of  tka  aftatiMi^^  (a.^  M  aai  C^|<«f  A 

la  «*iah  irt(ii,p)  -1 1/  tor  aaffleiaatlr  larft  ■  ia  tte 

r  fi(WiP; 

ranfi  0  <  I  ^  tiSu  ^  2k  -  i. 

low  it  la  not  dlttlealt  to  oatakllah  that  tho  taaotioo 


g  iija 

x«xp<«»)<4<i«fi(«.p>i-*-^J  afii^>i(P)coip«ipx 
x|  |im  in, (id,  p)exp(*i»)|(xv'TiqTPPchtr3q:FJ'»+ 


+ «  » Jh /'srp^,)  *,  1  ^  (Pi,  p;|-i + 


(21) 


Tho  liai.tln|  valaoa  T  and  dT  wham  t  ♦  0,  P  •  It  and  alia 
tha  raapoaaa  T  whara  v  ^  haa  tha  form 

(aont,  OB  nast  ffga)  -i 


L 


+• 


HmT-O;  WmT^h^i^  f 

•■*+•  •-“•  J  ?i(O.P) 

— •  * 

in  concision,  «t  nou  that  if  tba  function  £(*)  la  f*'^^** 
in  tha  PPurlar  alna  Integral,  the  probla.  J' 
mannar;  tharafora.  tha  aaalgnad  probla.  can  *>•  wl^d  J" 

•Itlon  that  tha  function  (f (r>  can  ba  rapraaantad  by  tha  Fourlar 

Integral  In  Ita  general  fora. 


Sunnury 

A  aathod  la  dlacuaaad  In  tha  paper  for  , 

thraa-dlMnalonal  taaparatura  field  * 

boundary  condltlona  (2),  (3),  and  (15),  (16),  and  (  ). 

An  exact  aolutlon  la  obtained  In  tha  fora  of  aquatlona  (14) 
«nd  (21). 


1. 

2. 


3. 

4. 
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TEMPBBATDRB  iULTBS  IM  lUSTXC  8TIAIM8 

?.  8.  KhOMnke 

HydroMtMrolofleal  XaitltiU,  QImm 

On  th«  baalt  of  tha  tharaodynanlea  of  tha  ravaraUla 
proeaaaaa,  tha  plana  problaa  eaneaniag  parledie  prananra 
of  a  rigid  dia  on  an  alaatie  taaiplana  it  asaainad. 

gtataaant  and  Solution  of  tha  nroblaa 

With  apaads  of  attain  a  littla  laaa  than  tha  apaad  •<  pra- 
pagation  of  alaatie  wavta,  it  it  poMibla  to  pcoa^  fna  tha 
agnation  of  tha  atatiatieal  thaoir  of  olastleitjr  QJ,  Iho  lattor 
in  tanaor  ayabola  have  tha  fora  (%% 

^-0. 

In  addition,  tha  atraina  £  am  eonnaetad  with  diaplaetMnto 
by  tha  ralationahipa  ^ 


Snbaognantly,  at  will  anaaina  tha  plana  atmaa  eondltioa, 
i.a.,  wo  will  aaanaa  that  5„-0. 

Va  aat  tha  axia  along  tha  bordar  of  aaalplano  eonditlMa* 
and  tha  axia  X2"y  vartieally  down.  Tha  dlaplacoaaata  o^  «id  eon 

bo  oi^raaaod  by  tha  haiaonie  fnnetion  ^  and  tha  fonatloa  ^  U  tha 

L  •  • 


1«8  ^ 


!  following  aannor  2,  47: 

VO  placo  in  forco  tho  obooluto  rigidity  of  a  dia  undor  tho  lattar 

With  tho  uao  Of  oquality  (3),  it  ia  poaaiblo  to  roproaont 
stroaaoa  $  and  5  22 


At  tho  bordor  of  tho  aoaiplano  vith  y«0,  tho  tongontial 

atroaa  ia  abaont 


i±-0. 

with  |x|  ^  a  appllod  proaauro 

^  -^rw -j-2|. 

and  with  |x( 7a  +  Pi(x) exp (/»/). 

9|.  1-  0. 


~1<9 


r  8ubt«qutntl7,  In  eo^plnx  valont,  onlj  tht  •fftetlvt  part  la 

•aauMd. 


Tha  functlona  P  and  ara  aubjaet  to  datataination  frea 
condition  (4)  and  tha  {ivan  total  forea. 


« 


m 


Qi  +  exp  (yw)  —  J  P, (x) d*  +  exp(/ «•/)  J  Pi {x)dx. 


(8) 


Proa  tha  aqoalttlaa  (6)  and  (7),  «a  hava  tha  following  Halting 
condltlona  for  tha  function  (p  with  jfO# 


2(X  +  p) 


rw-  ^+-:!-lP.+Pi*xp(;»oi.  1*1  «i. 


6^0 


— ! — |x|>o. 
2{XHp)  dp*  '' 


(V 


For  tha  datamination  of  tha  tanparatura  T,  wo  via  tha 
aquation  for  boat  conductivity 


kAT-i-q. 


(10) 


As  shown  in  tha  work  A_7,  for  tha  ravarsibla  proeaasas  tha 
valua  q  can  ba  dataminad  fron^tha  ralationahip 

jijy  i‘T,Jir  cid 

3X  +  2|i^d/  X  +  |iJL/ 


(Pros  tha  rasults  of  tha  invastigatlons  of  H.  8.  Pastov  it 
follows  that  tha  thamodynanic  procass  can  ba  considarad  a»  ravaraa 
with  snail  fraquanclas  of  strass^)  On  tha  basis  of  aquality  (ID 
tha  aquation  of  hast  conductivity  can  ba  writtan  in  tha  following 


form 


A  at  - 

3X  +  2pj|tf^^  * 


(12) 


L 


J 
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htf  a  haat  axchanga  takaa  ptea  on  thm  boundary  of  tha  aaidplanca, 
tha  condition  ahould  ba  aatiafiad 


^  ^  P  T  »  0  *  0. 

. 

On  tlin  ntminth  of  tb»  ofiulitr  (•)  function  (p  can  be 

tapraaantad  by  tha  axpraaaion 

9  (xyt)  -  +  ?,(Jfy)exp(/*»/),  A p».,  -  0, 

whara  cp  .  it  tha  value  of  tha  function  f  which  corraaponda  to 
tha  coMtant  coaponant  of  praaaura,  *“4  ^  ^  it  tha  coaplaz  anplituda 

of  tha  variabla  conponant  It  ia  not  difficult  to  aaa  that  tha 

taaparatura  affacta  in  tha  aaaiplana  ata  cauaad  by  tha  axcaptionally 
variabla  co^onant  of  tha  praaaura  forcao  Tharafora 

'  ,  (15) 

Tixyt)  m  Tx {xy) exp (/«/),  4> (xyt)  -  <I>i(Jfp)exp(/»0. 

For  dataraining  tha  valuaa  tnd  in  accordance 

with  tha  qualitiaa  (3),  (5).  (9),  and  (12)  -(15).  wa  have  tha 
following  diffarantital  ayatoa: 

T«r.\y  ,  4japT7i_ur, 


2(1  +  1*) 


Vith  yoO 


T 

2(^  +  p) 


20^+ri  dy 


:y  tJi 


+  fT,-0. 


—171  — 


I 


!B*si4M  th*  condition!  (17),  It  Is  noeMiar7  to  roqalrt  that  tha 
iOQ^  fvnetlona  daeraaaa  towarda  Infinity,  and  on  tha  bordar  af 
tha  aa«lplana  with  j  x  |  ^  a,  y*0  aatlaflad  aquallty  (4) 


»  +  2,  J  If 


0. 


(U) 


For  aolutlon  of  tha  aaalgnad  ailaalon,  wa  uaa  tha  Fonrlar  tranafor- 
■atlon 

r(5y)-  ]f{xy)tx^{nx)dx, 

(19) 

pily)txpi-nx)dl. 

In  tdilch  tha  alwulatad  unit  1  doaa  not  Inuraet  with  tha  taaperary 
alwilatad  unit  J. 

With  tha  uaa  of  tha  tranafonatlaa  (19),  tha  ayatai  of 
aquation!  (Id).  (17)  la  wrlttan  In  tha  fern 

4^ -(p+w^i -/»’*• 

dy^  (20) 


whara 


n- _ 1 _ . 

*(311  +  21*)’  2(»  +  |i) 


'•^-0.  f +  Pf.-o. 


(21) 


With  yaO 


n  Apart  from  tha  condition!  (21),  a  llidtatlon  (18)  la  plteU  ««1 
tha  funetlona  balng  aought  whlcb  la  eonnaetad  with  tha  abaoluta 
rigidity  o£  tha  dla.  Ftmi  thla  condition,  with  tha  uaa  of  tha  Fonrlar 
Intagral  and  tha  aacond  aqoallty  (21)  wa  obtain  tha  Intagcal  aquation 

J5exp(-/U)d{  lx|<a.  (22) 


Equation  (22),  on  tha  atrangth  of  tha  parity  of  tha  function  'K.  (^V) 
with  raapact  to  ^  (parity  of  tha  function  y,  raapact 

to  ^  follow  dlractly  from  tha  ralatlonahlp  (3)  and  tha  condition! 

of  aynaatry  of  vartlcal  dlaplacananta)  haa  tha  following  aolutlon 
aatlafylng  tha  flrat  aquallty  (20)  [^1 J  : 

Vi-4/#(«0exp(-|?|i^),  (23) 


whara  A  la  tha  conatant  aubjact  to  datanlnatlon. 


It  la  aaay  to  prove  that  tha  aolutlon  of  tha  aqnatlona  (20) 
under  condition!  (21)  and  (23)  are  datanlnad  by  tha  axpraaalona: 


2|» 


~A 


Tha  conatant  A,  which  la  part  of  the  ralatlonahlp  (23)-(25)  la  found 
fron  tha  noraallaatlon  condition!  (8) 

ft- I />,{*)<&. 


Datamlnlng  fron  rapraaantatlon  (25)  tha  original  and  laat  uaad 
azpraaalon,  wa  obtain  or/* 


«h«rt 


Ki) 


jnsUl  jr) 

r*(l  P) 


Transf«rrinf  In  cqaatlont  (23)  and. (24)  to  tha  oriflnalat  w* 
finally  find 

2«  J 

r,  -  ^  J  /,(al)  [  y^-^+j!zy  «*P<-  ^ 


XcosWI. 

Croa  which,  In  particular,  wa  obtain  tha  taaparatura  Itatt 


Paculiarltlaa  of  Taanaratura  Dlftuaton  at  tha  Liait 

In  many  practical  iaportant  caaaa,  for  azaapla,  with  a  fraa 
haat  axchanga  with  a  aurfaca,  tha  coafflclant  of  haat  axchanga  p  la  a 

wary  aaall  walia  which  can  ba  Ignorad  (for  azaapla,  for  ataal  f  •  3.d* 

10"*ca"^  /SJ,  In  thla  alapleat  caae,  tha  dlffualon  of  Uaparatura 
at  tha  llaTt  of  tha  aaalplana  haa  tha  fora 


s>irr.  ,_*v5cosU^,  £(c«-jf*)' 


(29) 


irtiara  I(z)  la  a  unitary  function:  E«l  with  z^O  and  Ba)  with  z  <0. 

Va  will  ahow  that  tha  tauparatura  of  tha  Halt  of  tha  aaal- 
Dlana  la  a  Halting  function.  For  thla,  with  tha  uaa  of  tha  trana- 
teraatlan  of  tha  paekaga  wa  wrlta  tha  intagral  (29)  In  tha^fora^^^  ^ 


J  '  V?T?  «  a»  ^  7?-t 

1  rf  f  /C.IVir(x4-flt)i 
It  djc  J  * 

I 

H«r«  K  <  T  )  ii  •  Bodlf tcitlon  of  th*  Bottel  function  of  tht 
second  ?ypc  of  the  lero  order,  end  the  value  x,  ae  a  raault  of  the 
ay^atry  of  the  prbblea,  can  be  considered  positive. 

It  la  not  difficult  to  see  that  only  the  flrat  term  In 
ecuallty  (30)  can  have  alngularlty  In  the  point  i^a.  For  the 
Isolation  of  this  slniularlty.  me  n^e  that  the  function  (  X  ) 
In  point  X  “O  of  in  X  •  baala  of 

this,  In  the  vicinity  of  the  point  x-a+  0,  the  Integral  (3)  can  be 
presented  In  the  form 

•+*  .  Vx  \ 


/=  - 


.  .  f'"7- 

kV2  dx  J  /x-1 


dr 


-here  ^  la  a  small  positive  value  satisfying  the  Inequality  SYO 

isT*  < .,  vv  -r  »>•-“«  »<*> 

which  Is  regular  with  xea. 

Computing  the  Integral  (31),  me  find 

•  •  •  ■  • 

_  I  I2a(a— -f  Ri{x),  r  =  a-0; 

\  Rt{x),  x  =  a  +  0. 

Theae  equal ItUa.  together  with  formula  (28)  Indicate 

of  the  function  In  points  }x|  -a,  Inaamuch  as  (x)  0  with 

X  ^  oo  f  on  the  entire  axis  y«0. 

From  the  relationship  (29)  with  Integration  by  ^0*4 

easy  to  obuU  the  aiyupootie  behavior  of  the  function  T^^U)  ^ 
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r 


1 


(32) 


As  csn  bs  tssn  £ro«  fomuls  02),  th*  ooi*ltx  s^lltsds  o£  tbs 
tUtrsms  irtdistlon  rspldly  falls  off  with  distsnet  fro.  ths  dU. 

Diffusion  of  Hast  Sourcss 

Ths  eosDlsx  soplltuds  q,  of  tho  donalty  of  hast  soureos.^ln 
seeordsn^  squsUtUs  ill),  (U>.  <»•>  ^  PW»««tod  In 

tho  for. 


Qi 


X 


4|ii4 

l3^  +  2p 


J/,(a5)exp(-lp)coi|«<?  + 


(SS) 


Fro.  sxprssslon  (33)  It  follows  tbst  tho  slsstU  strain  of  tjo  s^^ 
niano  loads  to  ths  forwitlon  of  volusotrlc  sourcss  of  host,  tho  Utoa 
!ltrof*lhlch  drops  off  with  distance  fro.  tho  dlo.  In  psrtlcnlir, 
tho^s  of  tho  dlo,  fro.  tholr  i^tornsl  aids,  thm  tshos 
plsco  s  concentration  of  host  sourcss.  Actually,  with  y« 


9i 


*  l(»  +  2|i)V<i'-»‘  ^  +  1*  J 


«h«r..  u  .how  »b«w.  Tj  (X)  li  •  fmelton. 

With  sufficiently  snail  frequencies  of  strain,  tho  second  Ur. 
in  equality  (33)  can  be  Ignored.  In  this  c«»o 

a  -  _  V 


X 


(34) 


J 
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P  ^  At  gTMt  ditutMi  troa  th.  ,t«t  Ot  th.  COOrtlMUl.  M 


1 


.r.  At - ±6/»Tr.M 

2«(4c»  +  |^*)  3X  +  2ii 


+  2|i 

equal  to  M.  »  jr  axla  and  the  MiMnt  lAleh  la 

.  r.«u*.rs:.‘:i"u  "t‘"u  li  ?* «*«•  *• 

vlbMtloil.  ““  “  t»  tht  Ot 

Symbol  a 

-  L.*..  tf  0,  f  „ 

tWiot  of  .troioi  ^  ..  _  oboolott  toapontiin 

»£  tho  Hdiui  k  --  eoottteUiit  ot  hut  oondoctlvltr:  of  cutttelut 
Of  U«.r  up.0.1..,  ^ 

hut  cipiott7i  P  -  duoltj;  q  —  veiuotrlc  duolty  of  hut  ooirui 

p%uS  "  t*.i;"it™  TJUTl  --  «“  fonotlon  of 

tU  coutoot  proX  Sijoo”  --IPUMi  P  ft)  - 

tha  periodic  force  of  thefreowncy  2  •’<  *^1111180  of 

of  the  tsero  order.  ^  Beaael  fanetlon 

Suannar^ 

.«r.  .f’JufTlU^'JS'inl.S?^.'!.?*,*"*  “  P^ioJtoAf  Ptu- 

;-'J!o“  oS  .^  nh:‘::in;uu"‘r  “?*  “• 

holvhbU  int.S.1  ”*■  “*  »«“••  !•  r.4«c»4  U  . 


J 
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THB  AKISOXimilAL  FLOH  OF  RBAL  QA8.  .1M  A  OA8  nRl.1111 

by  B.  ?.  ShallMT 
ScUntlf ie-B»itareh  Instltut*  o£ 

Natural  Qaa.  Hoaeow  ! 

Under  inreatigation  la  a  ataady-atata  flow 
of  thesaodynauloally  li^arfaot  gaa  in  a  gM 
pipallna,  and  the  liaat  azobanga  with  tba 
aurrotmding  nadiun  la  takaa  into  aooount* 

A  aolution  auitabla  for  praotioal  oalovla- 
tiona  was  obtainad  by  tba  uaa  of  tba  aMll 
paramatar  natbod. 

.  lo  anginaerlng  practioa,  tba  diatrlbution  of  tba  gaa  tnpara- 
tura  over  tba  length  of  tba  gaa  lina  la  oaloulatad  ty  the  wall  known 
V.  G*  Sbukbov-  formula  applying  to  tbamodynaaioally  ideal  gaa  flowing 
at  a  low  apaad  (1)  •  Tbara  are  oaaaa  iriian  tba  gaa  taaparatura  at  tba 
end  of  tba  pipeline  ia  lower  than  tba  taaparatura  of  tba  aurrounding 
ground  (2).  Xhia  does  not  agree  with  the  V,  Q.  Sbukbow  fomula  and 
abowa  that  it  ia  inaoourata  with  raferanoa  to  the  flow  of  gaa*  Xt  ia 
aaaumed  that  tba  tanparatura  drop  ia  oauaad  by  the  faot  that  the  gaa  . 
ia  tharmodynamioally  nonidaal  iddob  baa  to  be  talcan  into  account  in 
oaaa  of  oonaidarabla  preaaura  obangaa  (2)  •  At  any  rata,  no  aatia- 
factoiy  quantitative  aatiaata  ia  available.  I.  A.  Chancy* a  leno- 
graph  (1)  oitaa  a  lyatam  of  gaa  dynanie  aquationa  for  real  gaa  and 
axaminea  in  detail  a  oaaa  of  adiabatic  flow  (tba  Joula-Ihoaaon  affaot). 

fiaicw  ia  tba  affaot  of  nonidaal  gaa  on  tba  taaparatura  of  a 
gaa  Ijn*  where  aooount  ia  taken  of  the  beat  aacobanga  with  tba  aurround¬ 
ing  aediun  on  tba  baaia  of  general  aquationa  of  gaa  dynaalo. 


I,  The  initial  equations  are  those  of  the  law  of  mass  preser-  j 
v:ition  and  the  quantity  of  notion  and  balance  of  energy  which,  dis¬ 
regarding  the  uneven  distribution  over  the  gas  line  eross-saotton, 
looks  the  folio  dng:  T  ®  *  const, 

\  2^  /  7  d  Ig 

^  /  ai*  .  .  I  \  /(Hd 


(1) 


+  2  + 


7)- 


(7,  — r)dx 


\2g  A)  GA 
and  the  equation  of  the  state  of  real  gas,  for  which  the  Bertlow 

equation  (3)  ’^'as  used,  is 


(2) 

Deducting  the  second  equation  (1)  from  the  third,  we  get  the 


po  9 

i?r“  * 


heat  inflow  equation 

ii-A±.!^M(r,-T)iU  +  ^Ai.^.  (3) 

7  0  d  2g 

It  is  known  (1)  that  in  the  case  of  gas  flowing  in  a  major  gas 
line  at  a  slow  speed,  the  equation  of  the  quantity  of  motion  nay  dis¬ 
regard  the  changes  in  the  speed-produced  pressure  ^  geometric  height 
as  compared  to  the  changing  pieaometric  pressure,  and  take 

(A) 

d  2g 

Then  the  equation  of  the  heat  inflow  can  be  represented  with  the 


same  d^ree  of  accuraqr  as 


(5) 


or,  using  the  well  known  thermodynamic  relation  for  an  enthalpy  (1), 


(6) 
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IHt  i»«rrtai0TO  uO.  colacidt  with  thost  “H 
Wean  in  (l)i  tha  axcaptlons  nra  -  tha  t«par*tara  of  iba  awrwnd- 
tng  madluB  and  K  —  tba  full  ooaffioiant  of  tha  haat  traaafar  froi  tha 
gaa  to  tha  surrounding  madlua. 

^ha  prohLan  is  thus  raducad  to  tha  Intagration  of  tao  nonUnaar 


aquationa 


^  9 

*27*^  129 


dx 

C,  Pc 


il 

¥ 


X'(r,-7)  (7) 


with  tha  initial  eonditionf  p  ■  T  -  and  *  «  0. 

To  aiapUfy  the  prohLaa,  wo  shall  taka  >,  K,  and  Op  aa  oonataaU 
of  tha  gas-lina  length,  and  average  value  as  tha  ooaffioiant  of 
ooDprasaattlitjr  within  tha  tanparatura  and  pressure  range  under  oon^ 
Sidaratlout 

Wa  shall  introdued  the  dimensionless  variaULas 
X  P  -  ^  t 

*"T’  ’'"pc' 

and  assuming  that  9  ^  a  -  _  VL 

•  "  .AA  -  “T"  '  J  ' 
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b 


Cp  b 


d  c,  a 


f,  8c  f  /  IV 
“557*  TITTJ 


wa  change  tha  aquation  qrstaa  (7)  to  the  fdllowingt 


dx  "  *  . 


w 


i!Lss-i-— ,  W-W 

dx  6  w  ’ 


t«t,  npH  x-O. 


(8) 


—  — 


V' 


II*  In  the  case  of  an  anadiabatio  gas  flow  the  sol-  | 

ution  of  the  equation  system  (8)  can  be  obtained  ty  the  small  para¬ 
meter  method  (4) • 

In  the  majority  of  the  actually  important  oases  the  parameter 
£  is  vexy  small.  Withe*  0  (ideal  gas),  the  ^stem  (8)  will  look 


like  the  foUovTing: 


<i.  dt  b  (9) 


Its  solution,  in  keeping  with  the  conditions 


and  X  *  0,  will  be: 


9(*)  *  %  +  (^1  —  t,)  exp  ( -  fl x), 


We  shall  further  assume  that 


t-(p+t,  w»(j»4-w. 


From  (8)  and  (9)  we  find:  dt 


— -i.  fi-JL+Ll 

Dd:dx 

dx  <|»  +  w  f  +  xj  ■*  ’  (12) 


w«iO,  x»0  npH  x«0. 

We  shall  look  for  a  solution  of  the  latter  system  in  the  form 
of  small  parameter  e  series.  Bearing  in  mind  that  with  e>  •  0. 


Si  (^)  5  0,  tCx)  m  0,  we  get: 


w(x)  -  IW,(x)  +  ...  , 
t(x)  «  tT,(x)  +  ...  . 


The  convergence  of  the  series  is  insured  ly  the  Poincare  theorem  (4). 
In  the  future  we  shall  cozxfine  ourseltM  to  the  first  terms  of 

J 


—  IM  — 


I 


(y)  itt  of  the  low^i  valu*.  Subitltutlng  (13)  in 
and  dividing  the  power  aeries  0»  O) »  we  lUl  findt 

dt  ♦  L  *  ♦  j 

4.  ♦  L  »*  J 

T,-0,  ;.-0  npH  »-a 

The  solution  of  the  linear  equatioits  (14)  Is  obtained  in 

-  b ,  .  rr  18  ,1  d'l* 

quadratures:  *i  -  — (f  — f#)  i  “t  ““  1  - * 

a  J  L  T*  J  9-*^  .  . 


*»-  - 


®  |t;(«)d*, 


and  the  relation  ii  prqvidsd  ^  aquatioot  (10) . 

These  integrals  oan  be  conputed  to  a  desired  aoeuraqf  Igr 
approxioate  oethoda. 

1.  Let  us  examine  in  detail  a  ease  in  vhioh  T, «  .  fbe 

relations  (10)  and  (15)  are  simplified: 


9(*)"^»  M*) 


wf- 


2at,  y/» 


•:“y[^-l  exp(-cx)|'exp(a*)d<|>. 

We  shall  express  the  latter  integral  ly  the  Gauss  function 

( 


whose  values  are  tabulated  (5) 

ytr  b  ns  i 

t.  - - -B.  -5--I  e 

c  L  tS 


cxp(-0<«. 


■JTrLT ” ' j  Vf)l  (17) 

DlsregarcU^  the  oorreotlon  for  pressure  Im  the  .ease  of  nma- 
ideal,  gas  which  is  very  low,  that  is  talcing  %  we  will  present 


the  solution  as  follows: 


•-^exp(cic*)lerf(tt»/c)-erf(icV'c)l. 

b 


9 

AR 

■  18 

128 

L4 

2t, 


It  follows  froa  (18)  that  T  will  dlainish  or  inoroaso  with 
the  drop  in  initial  pressure  depending  on  whether  %  ^ 
th«n  the  inversion  tenperature  ty  “  >rtF. 

It  can  be  shown  that  function  (18)  is  aonotonlc,  and  for  this 
reason  the  maodaua  change  in  the  gas  temperature  due  to  its  nonideal 
characteristic,  as  compared  with  the  initial  temperature,  occurs  when 

Vn  /# 


51  so? 


'inu 


-75=-  erf(W|  f  c). 

(19) 


2.  Still  more  interesting  from  the  point  of  view  of  applies^ 
tions  is  the  eas«  wlwi  T,  /t,  .  Ito  foUosiilg  coodltioM  sps  amally 

fulfilled  iji  I  i»>Ni  I 

I.  r,->  I, 

(20) 

I'f 

The  function  F  (  ^  )  -  1,  where  *f(?)  =  we 

fihnn  expand  into  the  Uaclaurin  series  with  each  fixed  value  ^  ,  dis¬ 
regarding  the  terms  of  the  second  order  of  the  Infinitestinal  in 
relation  to  8  f 


-  i^8exp(-a*). 

\  ^0  /  *0 
W*  * 


«»«»  ?,-l(?-g 

a 

\  ■So  U  9-’^  ^0 

.  *1  - 

(21) 


L 


J 


_  •  1>9  _ 


~  Io«l<niUt«tii.lnt.»r»l£»(2D,  liMrIlUiBaliidilWcilliUtir  I 

(20),  «  r*’*'''  (nithoul  aoch  IsM  of  tooura^r)  flaptlOD 

lyaolapUron.  _  2^  ,  j*'* . 

wh«r«ui»n  the  oanUoned  inUgral  wiU  be  u^tMted  bjr  ft  !•*»»  fuaotton 
analogioaUiy  to  (16). 

talcing  S^co  f  »  »e  Mcprofts  th«  finftl  iolutlwi  lA  the 
following  form 

K-|ica-y*-j(t|-t,)ll-exp(-a*)l  j'*, 

t  -  %  +  (^1  -  *'•)  expf-  a»)  - 1*, 

exp  (c  *•)  |erf  (wiv^)  —  erf  («  /c  )1  — 

*iL  -45-  v::i(trj-K)exp|-c(«?-^«*)I. 

'  32  fa  ^  . 

■  9  ri8  -.1  '  __L. 


«  c--i. 

>  L  ^  2s 
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Taking  inequality  (20)  into  account,  it  is  quite  poBsible  to  uae 
formulae  (18)  instead  of  (22)  for  calculating  ^  tad  X  .. 

3.  In  the  case  of  a  fully  heat-ineulatad  gaeline  (K  =  0),  an 
approximate  solution  can  be  obtained  from  (18)  by  a  maxiw®  cbKag% 
witbK^Oi  x-tj— t*,  x*»/(W|-«),  ^ 

r,,  ^.r  /-JLJLf^-il. 

»“[*? — r  J  *»  «»  J 


_  i«j  _ 


It  is  Sia^lar  to  the  linearieed  solution  for  Vendor  fools'  goo  1 
found  in  (1). 

III.  In  addition  to  the  other  vrell  defined  paranoters  from  o 
physical  point  of  vie:;,  the  distribution  of  the  gas  toBperaturo  oror 
the  length  of  the  gas  line  depends  on  the  full  coefficient  of  hoot 
transfer  K  characterizing  the  heat  exchange  with  the  surrounding 
medium.  The  methods  of  calculating  it  in  concrete  oases  ore  found  in 
(6)  as  well  as  in  reference  manuals  on  heat  transfer. 


.  Pig.  1.  Relationship  between  T*(°C)  and 

1  -  IC»0;  i»-  K»0(i);  2  -  K»l.l6;  0  -  1362.5; 

3  -  E=4*65;  a  s1362.5  ;  4  -  K  «1.16;  0*681.25. 

Under  turbulent  conditions  of  gas  flow  in  a  gas  line  the  coef¬ 
ficient  K  depends  on  hydraulic  factors,  but  the  range  of  its  dependence 
on  the  Reynolds  parameter  is  very  narrow.  In.  the  case  of  high  Re 
numbers,  the  coefficient  K  is  actually  determined  by  the  heat-conduct¬ 
ing  properties  cf  the  surrounding  medium  and  can  be  calculated  by  the 
Forheimer,  Arons-Rutateladze  formulas,  etc.  In  practice,  a  oertaiu 
Lsverage  value  of  ooa^fioient  K  is  frequently  used.  According  to  the 

!  —  186  — 


( 


r  jAVMtigatlons  W  Pistol'kori,  X  ugr  b»  Ukaa  (In  taxu  of  wt/a  X  i 
dogroo)  M  l«li6  for  dty  Mnd^  1*45  for  danp  elagr  and  3*49  for  watar- 
aaturatad  aand*  Tho  lattar  value  la  rtoonaendad  alao  tgr  Sholdiov  and 

*  I 

Iiegrbenaon  (6)  •  In  a  turbulent  gaa  flow  X  la  larger  than  In  a  laninar 
flow;  a  fuUy  heat-insulated  gas  pipeline  reduces  X  to  aero* 

fo  eatiBAte  the  effect  of  the  themodynaaio  nhn-idaal  oharaotar- 

•  « 

iatio  of  gas.  on  the  tes^rature  conditions  of/jt  ias.;li.iiaf>'«ilettlatiens 
were  aade  under  the  following  ooxiditlonst  1  s  120  kn;  d  ■  0*8)  >  s  0*0135) 
methane  gas;  =  190.5°X;  R  s  53  m/deg.)  Op  =  2«iQ.9  kj/kg  z  deg.) 

=  44.9  z  10^  h  X  m”^;  -  0.93* 

Formulas  (18)  and  (23)  were  used  to  oaloulate  the  ^p  in  the 

* 

gas  temperature  T  produced  ty  the  ohanging  pressure  A  p  -  *  P  with 

p^  m  53*9  X  10^  s  ■  15^0  and  various  weight  loss  values  0 

(in  n/seo)  and  ooefficient  X  (solid  lines  in  fig*  1)*  The  theoretical 
distribution  of  the  gas  temperature  over  the  length  of  the  gas  line  was 
oalculated  ty  formula  (22)  for  real  gaS|  and  for  a  comparison  with  V*  G* 
Shukov's  formula  (10)  for  ideal  gas  (Fig*  2),. 


i 


ir' 


Pig.  2.  Theoretical  dependence  of  Tl°0) 

on  (km)  with  p,  ■53»9»10^  h*m  i 
0  ■1362.5  n.eeo-lt  K  s  I.17  wfm**** 

.deg-^: 

1  -  through  (10);  2  -  through  (22); 

3  -  ground  temperature. 

The  calculation  ahom  thati 

1)  the  temperature  curve  corresponding  to  real  gas  runs  cour 
siderably  lower  than  the  curve  corresponding  to  V.  0.  bhukov’s  formula 

(10)  under  identical  conditioas  (Fig.  2); 

2)  the  drop  in  gas  temperature  caused  ly  its  non-ideal  character¬ 
istic  depends  largely  on  the  rate  of  flow  of  and  coefficient  K*  all 
other  conditions  being  equal,  it  drops  with  a  decreasing  G,  and  in^ 
creases  with  a  decreasing  K  to  a  value  corresponding  to  the  Joule- 

’XhoBSon  effect  with  K  =  0  (Fig.  1)  j 

3)  the  non-ideal  characteristics  of  the  gas  nay  cause  its  tear 
per;.ture  to  drop  below  that  of  the  surrounding  ground,  which  agrees 

[jiith  the  natural  observations  (2) . 

^88  — 


* . 


0' 


■/ 


~  Tht  «el«ction  of  a  particular  aquation  of  stata  ia  not  a  aattail 
of  principle  importance.  The  Bartlow  aquation,  *a  ia  toown  (3),  pro¬ 
duces  good  rasulU  under  moderate  pressures,  as  in  the  oase  of  methSM 
in  the  field  of  pressure  (  0  -  100)  10^  h  x  m“®.  In  the  particular 
case  of  K  n  0,  a  comparison  was  made  of  the  calculations  based  on 
formulas  (23)  and  the  similar  I.  A.  Chamgry  formulas  for  rander  WaaXs* 
gases  (rig.  1)  which  are  found  to  be  practically  the  same  within  the 
temperature  and  pressure  range  under  consideration. 

Thus  the  V.  0.  Shukhor  formula  applicable  to  the  flow  of  gas 

t 

in  a  gas  il"*  under  changing  pressure  shows  orer-estiaated  gas  temper¬ 
ature  values  as  it  does  not  take  into  account  the  non-ideal  character- 
istic  of  the  gas.  This  should  be  borne  ia  mind  whenever  it  is  im¬ 
portant  to  know  the  gas  temperature  in  a  gas  pipeline  (the  depth  of 
the  pipeline,  the  condensation  of  hydrocarbons  and  water,  etc.). 

A  generalisation  of  the  outlined  method  of  solution  does  not 
involve  aiy  serious  dlfficulttes  in  the  case  of  the  variable-length 
gas  line  K  and  Tq. 

Bibliography 

Basis  6£  Qas 

the  Petfoleum 

2.  Sohorre,  Charles  B..  Oil  and  Qas  J..  53»  No.2l,  1954* 

3.  Karapet'yants,  M.  Kh.,  Khtmtuh^akaya  Tew)dinM^(0^osl 

Thetooe^aamlcs)  ,  Ooskhimizdat  (State  PUbilsioag  Bouse  ror  ohMioal 
Literature) ,  Moscow,  1953*  J, 


1.  Chamyy,  1.  A-  Omovy  Qazovoy  Pinamiki  (The 
Dynamical,  Oostoptekhizdat  (State  Publianing  mouse  of 
and  ^uel  Industry) ,  Moscow,  1961. 


1S9 


4.  Berwln,  I.  S.,  Zhidkov,  N.  P.  ^todv  VychtiUnly  (Calcula 
tion  M*thod«),  1,  2.  Fi»ut|U,  Ho.cow,  19W. 

5.  Sogol,  B.  1.,  St^ndyayov,  K.  A.  l^atlinactom 
chaakiva  tablltay  Ftva-Clphar  Mathawitical  Tablaa.  Puhi.  by  tha 
USSR  Aeadaay  oc  seiancaa,  1950. 

6.  Laybanton,  L.  S.  Sobraniya  Trudoy_(Collaetad  Worka),  3, 
Bubl.  by  tha  USSR  Acadwy  of  Seiancaa,  1955. 


5132 

CSO:  1880*D 


r 

/ymrwMfyMfl  OTt  RILDS  OB  A  TORBOLBR  fLW  TILOCITT  II  A  CfCLflU  (SlWWi 

by  ▼.  A.  SdiMib, 

Branch  of  the  Ouk  Institute  of  Railroad  ftiglnaars,  XbMk 

The  subject  under  consideration  is  the  velocity 
field  of  a  turbulent  iaotbemal  flow  in  a  cylindrical 
chanber  with  a  tangential  supply  of  a  nediuwi  as  a 
result  of  the  generalisation  of  tbe  viacous  aoveaent 
with  an  average  slue  of  the  "turbulent  agitation" 
coefficient. 

The  characteristic  features  of  the  twisted  turbulent  flow  prodMid 
in  special  cyclone  or  vortex  chambers  with  a  tangential  supp3jr  of  A 
medium  are  incorporated  in  the  production  of  high  pressure  heating  df 
vioesi  in  the  designs  of  a  number  of  separators*  various  types  of 
pressure  and  feeder  installations.  Prom  this  point  of  view  it  would 
be  interesting  to  generalise  the  eaqwrimental  investigations  of  tbo 
velocity  fields  in  such  (^clone  chambers  on  the  basis  of  theoretical 
principles.  In  this  sense  there  are  some  possibilities*  if  tbe  turbur 
lent  movement  in  a  cyclone  chamber  is  to  be  considered  as  a  result  of 
the  generalisation  of  toe  viscous  movement  probLcm  using  toe  average  . 
value  of  the  "turbulent  agitation"  coefficient.  In  this  case*  aa  will 
be  shown  later*  it  would  be  possible  to  estobUsh  the  velocity  field 
in  the  peripheral  region  of  tbe  oydone  according  to  the  input  of  the 
medium  through  tbe  cyclone*  the  coefficient  of  the  flow  turbulence  and  the 
yaffil  ^  dimensions  of  ibs  cyclone*  and  generalise  the  eipevimental  in¬ 
vestigations  of  the  velocity  fields. 

L  ^ 
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rig.  X.  Diagram  of  oyolo&a  obambar 


For  thia  purpoaa  we  shall  azamlna  the  movemeiit  of  a  medium  in  a 
cyclone  chamber  with  a  radius  and  L  long  (with  an  arULtraxy  value  of 
the  VRq  ratio)  and  Its  tangential  supply  through  noaales  whose  oroaa- 
sectlon  outlet  area  Is  determined  by  the  product  of  dimensions 
£  aj^bj^  (Fig.  1) .  The  exit  of  the  medium  from  the  cyclone  is  through 

w 

an  opening  in  radius  R^  azui  the  ^  various  values. 

In  the  peripheral  region  of  a  cyclone  (r  >R^}  oharaoterlsed  by 
a  tangential  supply  of  a  medium  along  the  entire 'qyolone  generator y 
there  Is  practically  no  agitation  in  the  direction  Sy  which  is  normal 
in  relation  to  the  rotation  plane;  in  that  easey  the  movement  in  this 
region  can  be  considered  as  a  plane  movement  depending  only  on  r  and 
T  with  the  use  of  a  cylindrical  system  of  coordinates.  The  effect  of 


the  axial  speed  component  u^beoomes  substantial  and  a  oentral  part  of 
the  cyclone  at  r  ^  R^^  where  the  cyllndrioal  surface  of  radius  la  as  in 
the  first  approximation^ the  surface  of  the  division  of  two  different 
regions  of  medium  movementy  peripheral  and  oentraly  which  can  siaultan» 


^ously  he  considered  as  the  surface  corresponding  to  the  "merger"  of^ 


‘S*  neOim  und«r  tht  •ffwt  of  eoatrifujtl  forcoi  through  tho  dultot  ! 
opening  of.  ridiuo  R^.  la  this  oonneotion,  the  dlTisioa  surface  of 
radius  Rj^  is  the  honnclary  in  the  ohsnglng  nature  of  the  distribution 
of  the  transverse  (rotating)  speed  oonponent  u^  •  As  is  knoeni  the 
experimental  data  revealed  that  in  the  peripheral  region  (r>  K^)  u^ 
inoreases  with  the  decreasing  radius  in  accordance  with  the  eaqpoaentisl 
relationship,  and  in  the  central  part  u^  is  approadnately  proportional 
to  the  radius,  which  practically  corresponds  to  the  quasi  solid  rota¬ 
tion  of  the  medium. 

In  the  case  of  the  peripheral  region  of  the  cgrolone  (at  Bj^), 
assuning  that  the  movement  does  not  depend  on  coordinate  s,  end  noting 
that  the  terms  containing  the  derivativesj^  are  excluded  in  view  of 
the  flow  syametry,  we  will  get  a  differential  equation  for  a  turbulent 
movement  in  the  following  formt 


J  J 


(1) 


L 


+  r  r* 

and  the  continuous  movement  equation 

■ar+T"®- 

where  the  solid  lino  indicates  the  time  •  averaging  operatlen,  and  tl^ 


(2) 


(3) 
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dot  the  eorreepondlng  values  of  t^  pulsing  speed  eonponents.  In  | 

later  presentations,  all  the  transfornatlons  Will  refer  wnly^^to  Alas 

averages,  and  the  averaging  sign  will  therefore  be  oaltted.  As  a 

result  of  the  separati^  of  variables  and  integration  in  (3)>  we  get 

ru,  ■■  const «  —  —2— ,  (4) 

where  q  is  the  voluaetrie  consumption  of  the  mediun  through  the 

no£2les.  A  negative  sign  indicates  that  the  direction  of  the  speed 

conoonent  u  is  toward  the  cyclone  axis*  Bj  substituting  the  values 
*  r 

Up  In  (4) ,  we  find  from  equation  (l) 

If  2  I  Si  ^  tK\ 

rl  -  V.J  prfr 

Bearing  in  that  the  viscous  tangential  texislon  in  the  ease  of 
movement  under  consideration  is 


r)  '^ar\r) 


and  introducix^g  the  designation  of  the  turbulent  tension  component 


equation  (2)  can  be  expressed  ty  tension 

p(«,|s.+i:^).^(v+v)+f  (v+v)-  (« 

On  the  beisls  of  the  general  principles  of  the  semiempirical  theoxy  of 
turbulence,  ws  will  assume  that 

and  that  the  kinematlo  coefficient  of  the  "turbulent  viscosity"  is 
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r0  loioe  tsrtragt  value  of  the  coefficient  ^  can  be  takea  In  the  ”**1 
region  of  flov,  at  r  >  equation  (6)  ulll  anount  to  the  fononiag 


after  the  substlbutlonc 

1  of  the 

and values 

“•ir 

(»+h) 

I  Ai, 

— wj; 

(9) 

As  U^f  ■  U 

§ 

1 

can  be  presented  as  foliowsi 

t+m 

(10) 

1!*^  + 

r 

ir  ' 

where 

m-^|2wL(v  +  i,)l->. 

(H) 

equation  (10)  is  a  Euler  type  equatloui  and  Its  two  particular  solu* 
tlono  should  look  like 

* 

The  substitution  of  value  u^  In  (10)  produces 
hence  we  have* 

The  general  solution  of  equation  (10)  is 

The  arbitraiy  constants  can  be  defined  fron  the  following  consider¬ 
ations.  A  certain  speed  is  established  near  the  oyllndrieal 
wall  of  the  cyclone  but  not  on  the  wall  itself,  so  that 

npH  r-/?,.  (13) 

Besides,  when  q  s  0,  that  is  when  the  aedlun  is  not  shifted  in  a  radial 
diroctioa  but  the  established  speed  value  at  r  s  oentinues,  the 
sp^  ooaponent  Uf  should  be  redistributed  in  aooordanoe  with  the  J 


fwtatioh  of  Uquid  as  a  solid  bod^  This  BovsMnt  can  be  produosd  lyj 
tenoviug  the  entire  oiedium  flowing  in  through  the  noasles  to  the 
cylindrical  wall  of  the  cyclone  throi«h  specially  Bade  openings  in  that 
Trail ^  as  was  experimentally  proved  in  work  (1) .  Obviously ,  an  anajngioal 
case  would  be  the  rotation  of  a  solid  cylindrical  wall  when  the  cir¬ 
cular  movement  of  the  medium  on  the  external  boundary  is  caused  by 
viscous  tensions  on  its  surface^  and  in  this  case  the  medium  inside 
the  cycle  chamber  will  rotate  as  a  solid  body* 

Thus  when  q  -  0,  it  is  necessary  to  have  u<f  =  Ar  which  is  i 
possible  with  B  ■  0.  Using  the  boundary  condition  (l3)i  we  get  the 
following  final  result  for  u^  with  r  >Ri» 

Where 

n  ■  m -•  1  [2w  L(v  +  to)]”*. 

I  I 

Thus  the  relationship  characterising  the  field  of  the  rotational 

speed  in  the  peripheral  region  of  the  cyclone  with  has  been 

established.  Relation  (14)  makes  it  possible  to  establish  the  effect 
on  the  velpcity  field  of  aediua  q,  the  length  and  radius  of  the  cyclone, 
and  coefficienta  and  V  .  Bare  the  value  Bo  is  considerably 
greater  than  M  ,  which  in  most  cases  makes  it  possible  to  disregard 
the  value  of  the  latter.  A  quasi-solid  rotation  of  the  medium  is 

It. 

initiated  when  Cof  V  ,  just  as  in  q  ■  0.  When  the  viscosity  of 

the  medium  disappears,  that  is  when  £o  ^ •  it  follows  from  (12)  that 

-  B/r  m  U0  R/r.  -  (15)  J 


L 


(16) 


fcirapanog  It  with  (U)>  find  thw  following  oondltlont  ! 

m  B  9  [2wL(v  +  i#)!”*  ^  2. 

Thus  tho  noanlng  of  rolation  (14) »  with  low  v  tsIum,  if  UaiUd 
ty  (16)}  oonsequontly^  with  oortain  *9-*  ^  Tilues  it  if  poffihlo  to 
produoo  a  ooroaent  In  the  oyolone  only  whm  tho  %  voluof  fhtiffy  (16)« 
Tho  waluo  f  I  dofinod  ty  (6))  wo  fhall  oonputo  as  tho  avorago 
magnitude  within  the  peripheral  portion  of  tho  cyolono  at  r  >  R]/  Wo 
itVtitn  assume  that  tho  "swirling  method"  1  is  proportional  to  radius 
I  •  it  f  ,  whore  x  is  tho  constant  subjoot  to  definition  tgr  os^orlBontd. 
methods*  From  (8)  axid  tho  additional  use  of  (14)  wo  will  got  tho 
following  f or  e  : 


»L<,\r)  ■ 


Attributing  the  average  value  to  tho  avorago  value  of  tho  radius 
in  the  aoue  under  consideration 


where 


I— H 

'  T 


(17) 

(18) 


The  effect  of  multiplior  R^/R^  may  not  bo  taken  into  aooount^as  tho 
index  value  of  the  experimental  data  on  tho  used  values  Rx/R^  *  0*1$-1^ 
does  not  oxoood  tho  rai«o  0.1-0*15 •  The  following  assunption 

in  this  oaso  would  bo  fairly  aoourato 

I*  •  *  RfelRfal*  (17) 

(Jbo  value  cf  oonstant  X  is  dsflii^  on  tho  basis  of  tho  oxporiBontalJ' 


j  investigations  of  the  velocity  fieMs  in  qyclones*  Since  ecoordiog'tq 
(U)  and  (IS) 


we  will  get  the  followings  bearing  in  (19)* 

1 


X 


«  +  l 


(20) 


The  values  )C- ,  calculated  by  the  experimental  data  (l,  2)  In 
accordance  with  (20),  are  plotted  on  a  graph  (Pig,  2)  in  relation  to 
bearing  in  mind  that  the  volumetric  flow  through  the  feed 


noszle 


h 


where  u^^^  is  the  speed  of  th*e  incoming  medium,  we  get  for  H, 


(18)  into  account, 


(a) 


It  follows  from  the  graph  (Fig.  2)  that  the  value  x  is  subordinated 
with  precision  to  the  linear  relation 

X  ■*  0,01  +  0,56  Al.  (22) 

The  order  of  magnitude  X  agrees  with  the  values  9];>Uined  ly  L.  A. 
Vulis  and  V.  p,  Ustinenko  who  considered  the  turbulent  movement  in  a 
cyclone  from  the  viewpoint  of  its  qualitative  conformity  with  a  rota¬ 
ting  tubular  jet.  Relation  (22)  was  constructed  ly  the  use  of.  the 
experimental  data  obtained  ly  measuring  tbs  velocity  fields  in  cyclones 
with  a  tangential  simply  of  a  medium  only  (1,  2).  It  should  be  em- 
^hasized  that  the  result  obtained  in  accordance  with  the  formulation  ^ 
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'of  th*  proljlfm  oharaoterlMS  the  ^ooitgr  fiold  in  n  oarlindrioeX 
cyclone  where  the  medium  ie  supplied  teagentlaUy*  A  partial  siqiply 
of  the  medium  through  an  axial  xtosale  in  the  omotral  part  of  the 
cyclone  accelerates  the  growling  speed  in  the  peripheral  part  of  the 
cyclone  .  (the^  n  degree  index  is  higher).  This  phenomenon  ean  he 
ty  the  support  produced  ty  the  air  mass  introduced  in  the 
central  part  of  the  cyclone}  it  is  confirmed  by  the  testa  made  by 
D.  N.  lyalthovskly  (2)  in  which  the  volrnne  of  air  introduced  through 
the  noszles  amounted  to  one-third  of  that  introduced  ly  the 
tangential  nossles* 


Fig.  2.  Relationship  between  coeffi¬ 
cient^  and  dimensionless  para¬ 
meter  U,  according  to  experimental 
data. 

l-IranoT,  Katsnel’son,  PaTlor;  2-VuHs,  Ustl- 
menko;  ^-Sotawabf  Xapustini  Shabanor. 

Thus  the  field  of  the  relocity  component  u^  in  the  periphery 
region  of  the  oydone  (r>  R^^)  is  defined  by  the  cvonential  relation 
1^14)  .  in  which  the  index  of  power  h>«  taking  (20)  and  (22)  into  aoooun|J, 

"  'V'  ' 

—  IM  — 


I 


e 


.'Hll  be 


n  »  M(0.01  0,56li)"^  -  1.(23) 


Pig.  3.  Relationship  between  velooity  drop 
'*o/'»hx  i«othexmal  flow  and 
diaensiouees  parameter 

S«/^  ,  , 

A  ■>  I.  **  1.11— : 

2%RtL  1-3  ^^8*  2. 


Tae  relation  /u^  included  in  (21)  represents  the 
coefficient  of  the  decreasiiag  speed  which  is  defined  by  the  preset 
speed  near  the  cylindrical  wall  of  the  cyclone  and  the  speed  of  the 
incoming  mediumt  A  reduction  in  the  incoming  speed  to  u^  near 
the  way.  of  the  cyclone  is  the  result  of  the  energy  loos  in  the  cyclone 
through  friction  tension  on  the  cyclone  walls  y  the  outlet  loss  of 
speed  and  the  loss  involved  in  the  central  part  of  the  qrclone  in  the 
activation  of  the  air  mass  through  the  outlet  opening)  and  other 
similar  losses.  The  experimental  data  (1,  2}  can  be  used  to  express 
the  coefficient,  of  the  velocity  loss  the  following  d1— ndlnnleis 
Ijrelation 


J 
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u  prtstabtdl  la  tha  graph  (Fig.  3).  tha  vm  of  tha  oiqptrlMatal 
eoaffloiwt  ra^tti  ^obrlataa  tha  aaoaaaitgr  of  prMorihlng  tha  ralooi^ 
vaX^  tt^  aooordlng  to  tha  aj^arlMotal  data  in  aaoh  oonerata  aaaa 
in  ordar  to  dafina  tha  valooltgr  fiald.  It  ia  a  rary  Ijyportaat  and 
taat-proran  faot  that  tha  fiald  of  rotational  apaad  In  tha  paripharal 
part  of  tha  oyolonoi  in  adcordanoa  with  tha  abova  oonolnaiooy  dapfndil  : 
on  tha  oroaa  aaotlon  araa  of  tha  inlat  iosilaa  bat  doaa  not  dapaod  on 
tha  mathod  of  thair  diatrlbution  on  tha  ogrolona  ganarator  (aaauKlag . 
tha  aaaa  anarg/  losa  raloa  at  tha  and).  Thia  obnoluaion  naturally 
doaa  not  aff aot  tha  ohaagaa  ariaing  in  tha  diatribution  of  T^oeity 
ooaponanta  ^ . 

In  tha  oantral  port  of  tha  oyclona>  with  r  ^  and  fairly 
lor  italuaa  Rx/Rg  (within  tha  ranga  of  0.15  -  0.4)  >  tha  ralooity  fiald 
I  aa  in  tha  oaaa  of  a  aolid  body  rotation,  ia  daaoribad  ly  a 
Unaar  ralation 


whara  u^R^  ia  dataindnad  by  (14)  with  r  ■  4  anoothing-out  pro* 

oaaa  oooura  at  tha  Joint  of  tha  apaad  ralooity  profilaa  ,  ao  that 
s  0  with  r  a  Rj^. 
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A  iioiw  Of  THi  nwncs  or  thumal  Moowosmai  or  moi  n  m 
smoLi-nLii  siocK-TDH  mraoD 


by  ▼.  0.  Knorrt 
0.  i.  KdiIqt 

Powtr  ln»tltut«  iM.  0.  M.  IrahUluinovikly,  Itebebr 
Th«  pr«c»»s  o£  th«nal  dtcoipoiltlAB  of  tthAM  hat  bata  atoAltd 
btCora  by  vtrioua  ■athoda  to  tha  flald  of  ralatlvaly  loi»  taapatatiupaa 
(3,  hi  5).  Bat  tha  data  avallabla  on  tha  total  klnatlca  of  high  taifaf* 
atura  athana  daconpoattlon  ara  atlll  Inaignlf leant.  Wa  tharatara  Inltiaf 
tad  a  atudy  of  thla  proeaaa  by  tha  aathod  of  a  alngla-pnlaa  ahoek  taha 


PU.  1.  lha  ralatlonahlp  batwaan  tha  tanparatara  bahlnd  tha  raflactad 
wava  ahoek  and  tha  Maeh  nunbar  of  tha  Ineldant  ahoek  nova 
I  l-for  pure  Ar;  2-5%  alxtura  of  02^95%  Ar  - 


An  ancQysls  of  the  reactionproducts  mui  ude  on  ^2^4>  I 
03^2)  H2  and  in  a  nunber  of  teate  on  CH^.  The  presaure  of  the  reacting 
gas  in  the  high  tenperattire  "plug"  during  the  teats  eaounted  to  about 
405  X  lo3  n  X  and  the  reaction  time  between  the  teats  fluctuated 
from  0t7  x  10  ^  to  1*1  x  10**^  sec*  The  calculation  of  the  gas  tenpet^ 
ature  behind  the  reflected  shock  wave  took  into  account  the  rela-> 
tionship  between  the  ethane  therioal  capacity  and  the  tenperature  on 
the  assuoption  that  the  oscillation  relaxation  been  conpleted  and 
there  was  no  chonical  reaction.  The  dependence  of  the  theoretical 
temperature  on  the  Mach  number  of  the  :  ihcideat  shock  wave  for  a  5$ 
mixture  of  "^95%  Ar  is  shown  in  Fig*  1*  The  mixtures  containing 
ethane  of  the  order  of  IjS  taupe  rature  T^  was  calculated  on  the  basis 
of  calculation  curves  obtained  for  cases  of  pure  argon  a  53^  mix** 
ture  of  C2^  -f*  95^  Ar.  The  T^  value  was  used  as  a  tenperature  reac¬ 
tion  T^i  with  a  correction  for  the  reaction  heat*  The  latteri  in  tum^ 
was  determined  by  an  analysis  of  the  reaction  products  that  took  into 
account  the  dependence  of  the  thermal  effects  of  the  decomposition  re¬ 
action  of  ethane  I  ethylene  and  acetylene  on  the  temperature* 

The  tests  were  made  in  the  interval  of  the  Mach  number  values 
of  an  incident  shockwave  which  extended  the  range  of  etham  transforma¬ 
tion  from  about  2  to  90^.  This  made  it  possllxLe  to  cover  a  reaction 
temperature  range  from  1,160  to  1,580^  K  in  these  relatively  short 
reaction  periods.  It  will  spsiarentay:  be  quite  difficult  to  rise  to 
l^e  region  of  still  higher  temperatures  even  by  these  methods*  .J> 


Tfebl* 


39 
46 

40 
45 
38 
44 

36 

34 

37 
32 
31 

42 

35 

41 

43 
51 
49 


159702 
97202 
142502 
19450  2 
129002 
65302 
11700  2 
10600  2 
105002 
10500  2 
105002 
95602 
95902 
8790  2 
8050 
15000 
12900 


.34  16000 
,41277000 
.46  406000 
.54641000 
,55  433000 
.56218000 
,65440000 
.66394000 
72421000 
.72421000^ 
.76  442000 
.82  429000 
.84436000 
.89422000 
2.99  424000 
2.48  428000 
2.^424000 


1700.76 
2200.78 

2600.96 
3200.87 
13300.77 
13401.03 
14200.8^ 

14300.83 
14800.70! 
14800.81 

15200.76 

15700.74 

15900.84 

16300.74 

17300.96 
14401.14 
157010.89 


6.3 

5.4 

6.3 

5.3 

6.3 

6.4 
5.3^ 
4.46 

5.3 

4.4 

4.4 

6.3 
4.45 

5.3 
5.4^ 

1.15 

1.16 


6,1 

4.4 

13:6 

4.2 

3.6 

2.2 

2.7 

1.4 
1.4 
1,6510, 


ks«li 


.oao 


pm 


0,950, 
1,05  0,6 
0,650.9 


.6 
.2 
.1 

1,05 
,65 
2.16 
,250,i 


2.5 


2,9 

3.0 

0,6 


S;25|0;66|0.3 


0.2 

0,1 


55|2;55|0.55|3 


0. 

0,5 

0.1 


052 

153 


.1 

.1 

1.8 

2.5 

;5 

3.2 


521,72 
741.87 
194  2.29 
442  2.64 
306  2, 
267  2, 
4702,6: 
8432.931 
962  2,98 
1420  3.r 
18033.1 
3.75^1580  3.90 
-^1840  3,28 
12180  3.34 
2200  3.34 


To  dotormln*  tbo  ordor  of  tbo  otbano  roaotion,  teata  «are  oada 


with  a  5^  fflixture  of  C.fi.  4  959(  Ar  with  tha  saaa  M  nuabar  bat  dlf f ar«- 
ent  pTassuraa  in  tha  raaotlng  gaa.  ^ha  figuraa  on  thaaa  taata  ava 
shown  in  tha  tabla  undar  nunbara  145j  133  and  144*  A  eoapariaon  of 
tha  raaetlon  apead  walnaa  In  thaaa  taata  maala  that  tha  tharul 
idaoompoaltlon  of  athaoadoaa  not  dapand  a  graat  daal  on  tba  pcaaaura  ^ 


r  chaoges  vrithin  the  approxlj&ate  range  of  202  x  10^  to  607  x  10^  h  x 
which  indicates  the  first  order  of  the  reaction.  The  tests  were 
made  primarily  with  a  5^  ethane  -  Ar  mixture*  Sereral  tests  wers  Mds 


with  ethane  oonoentratioa  in  the  mixture. 


Tig.  2*  Temperature  depmdanoe  of  the  speed 

constant  of  the  ethane  pyrolysis  process: 


2-ljl02B6. 


The  test  results  were  processed  in  accordance  with  the  reaction 
of  the  first  order.  The  prlmazy  e:q)erlaental  material  and  the  caleul- 
atloh  results  of  the  reaction  speed  constant  of  tbs  first  order  in  the 
thermal  deoomposltim  of  ethane  ar«  shown  in  the  table.  The  temper¬ 
ature  dependente  is  represented  in  Fig,  2*  This  chart  shows  that 
the  activation  energy  of  the  thermal  decomposition  of  ethane  decreases 
with  increasing  reaction  temperature.  But  as  the  latter  inoreaseSf 
according  to  the  table»  the  degree  of  ethane  decomposition  increases.  . 
Thus  the  seeming  activation  energy  of  this  process  decreases  with  the 
increasing  decompositinsi  of  ethane.  This  result  agrees  with  the 
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;  eozuslusion  tMohed  Ijr  SkianOT  fcnd  B*ll  (2)  •  Figwa  3  Aow  a  } 

Ison  of  our  data  vfith  tboBo  of  othor  authors  obtainad  froa  a  ralattwH^, 
1o:t  dagraa  of  ethane  transformation.  Thus  In  the  tests  osrrisd  out 
Skinner  and  the  degree  of  transfonnition  dU  not  exceed  9X$,  sad 
that  is  wly  their  data  are  found  within  suoh  a  narrow  temperature 
interval  of  1,060-1,220^  K.  This  graph  shows  that,  glTen  a  temper- 
ture  corresponding  to  a  low  degree  of  ethane  decoa^sition  (not  morS; 
than  2£lj^)^  the  results  of  our  tests  well  agree  with  the  general 
tendency  of  the  temperature  dependence  of  the  reaction  speed  constant 
But  at  higher  temperatures  and  degrees  of  deoompositioa  the  speed 
constants  obtained  in  our  Usts  will  amount  to  only  several  peroent 
of  the  values  obtainable  ty  extrapolating  the  data  on  corresponding 
low  degree  trsnsforaation  k2()»  ^his  eaqMirimeatal  remit  indicates 
that  ethane  pyroiysis  occurs  in  a  chain  neohanism  with  the  partidpa^ 
tlon  of  free  radicals,  it  is  interesting  to  point  out  that  k2  dees 
not  depend  on  the  ethane  concentration  in  the  ini  tial  mixture  as  is* 
plied  in  our  work  (2)  and  by  our  data.  The  kg  dependence  on  the 
degree  of  transfonaation  is  apparently  due  to  the  inhibiting  action  of 
one  of  its  decoaposition  products. 

The  graph  represented  in  Fig.  3  can  be  used  to  determine  kgg* 
The  angle  of  incline  of  Arrhenius  straight  line  drawn  through  the  as* 
perimental  data  with  a  low  degree  of  ethane  trsnsfotmation  oorrebpcafs 
to  the  activation  energy  of  1,140  Joule  x  h~^«  On  the  other  hand, 
I^Skinner's  and  Ball's  data  indicate  an  activation  energy  equal  to  J> 
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•*§70  Joult  X  h”^.  Other  researchers  cite  their  own  values* 
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Pig.  3.  Comparing  the  data  on  the  temperature  dependence  of  the  speed 
constant  of  ethane  pfrolysla: 

1  -(4);  2-  (5);  3  -  (3);  4  -  (a);  5  -  oups; 

6  >  a  case  of  a  calculation  pre-ejqponant 

It  seems  to  us  that  the  following  method  of  determinixig  the 


activation  energy  of  Ahane  p7ro]y8i8  is  more  correct.  The  free  atoms 
and  radicals  determining  the  speed  of  ethane  pyrolysis  can  be  produced 
ty  a  break  in  either  the  C-H  or  the  C-0  bond  in  the  ethaxM  molecule* 

If  the  process  is  a  monnoolecular  onsi  then,  according  to  the  theory, 
the  pre-exponential  factor  should  be  of  the  order  of  the  frequency 
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0  •*•*! 
;  oioiUatiODf  of  tho  bojQdc  in  tho  aolooult.  In  tbo  out  of  w  j 

othane  nolooulo  thla  froquaaoy  asoimta  to  approximtoly  3f000  oi"^. 

That  anna  that  tha  pro-«^zM&tial  factor  of  tho  aptod  ooMtant 

la  equal  to  9  x  10^  aoo*^.  An  Arrhaniua  atraight  (dotted)  line 

oorreapondlng  to  thla  value  of  the  pre-eaqponential  factor  la  dram 

aoreif  the  experlnental  data  (Fig.  3)  •  The  aetlvation  emrgjr  Talue 

oaloulated  from  the  Inoline  of  the  given  atraight  eaa  found  to  ba 

equal  to  980  ^  28  joule  z  h  We  thua  get  the  following  eaqtreaaion 

for  the  ultimate  apeed  oonatant  of  ethane  pgrrolyalat 

*»-910“exp^— (1) 

It  would  be  intereatlug  to  oompare  the  activation  euergyi  thua 
definod|  with  the  ax^  C-C  bond-breaking  energy  in  the  ethane 
molecule.  There  are  different  valuea  of  theae  bond-breaking 
mentioned  in  literature  and  recommended  by  varioua  authora.  For  eoc* 

ample  I  the  C-H  bond-breaking  energy  valuea  cited  by  varioua  aubhora 

1  ■  ^ 

are  found  within  the  interval  of  1,210  -  1^420  Joule  z  h  ,  and  for 
the  0-0  bond  in  the  interval  of  840-1,200  joule  z  h’^.  Tbjw  the  free 
radicala  are  pro,bably  originated  by  the  following  reaction 

CfHi  2CH|  •  ^2) 

Thla  la  confirmed  alao  by  the  appearance  of  methane  in  ethane 
pyrolyaia  producta,  eapeolally  at  a  high  degree  of  tranaf^tion, 
whereaa  it  ia  not  found  in  ethylene  and  acetylene  deconpoaition  pro- 
I^Jttota.  The  inhibition  of  the  ethane  pyrolyaia  proceaa  with  the  ^ 
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;  Increaelng  dtgr««  of  Its  transfomatioa  ua^  be  due  to  the  elimination  | 
of  radical  CB^  or  atom  H  from  tbe  STstem  (which  invariaUor  forms 
there)  ty  one  of  the  intermediate  ethane  decomposition  productSi  such 
as  H21  CB^  or  As  shown  in  the  tablef  the  concentration 

of  these  substances  in  the  reacting  systma  reaches  considerable  pro¬ 
portions.  In  this  case  the  primary  products  of  ethane  pyroiysis  are 
ethylene  and  hydrogen.  A  little  later  the  reaction  products  are  found 
to  contain  methane  whose  concentration  gradually  Increases  in  the 
course  of  ethane  deoompositioo.  Acetylene  apparently  forms  tvoa 
ethylene  at  higher  temperatures  and  degrees  of  ethane  pyrolysis.  The 
question  which  of  these  componsnents  inhibits  the  ethane  pyrolysis 
process  can  be  decided  hy  studying  the  effect  of  the  addition  of  these 
gases  to  the  initial  ethane-argon  mixture.  This  was  done  in  work  (2) 
where  it  was  shown  that  the  addition  of  hydrogen  accelerates  the  ethane 
pyrolysis  whereas  tbe  addition  of  methane  and  ethylene  slows  it  down. 
Thus  either  one  or  both  of  these  substances  can  inhibit  the  ethane 
decomposition  process. 

This  problen^  of  course,  requires  further  investigation.  We 
iiTill  merely  point  out  that  any  micromechanism  pretending  to  describe 
the  ethane  pyrolysis  process  should  explain  that  experimental  fact. 

From  this  point  of  view  it  would  be  interesting  to  check  the  Rlee- 
Hertzfeld  mechanism  which  was  further  developed  and  modified  in  works 

(2,  4) • 
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Iht  klMtlet  of  othano  pyrolysis  wss  stndltd  in  s  slngls-pulM 
shock  tubs  ovsr  ths  tsiipsrsturt  rangs  1160  -  ISM^K.  ths  rssetlM 
tlas  bsing  about  1  aase.  Total  first  ordar  sfuatlon  (1)  dsseribing^, 
ths  initial  stags  of  sthans  pyrolysis  is  givsn.  Ths  apparsnt  aetivation 
snsrgy  falls  with  sthans  dseoi^aition. 

Starting  fron  ths  rsquirsasnta  and  using  ths  data  obtainsd  in 
ths  prsasnt  work  and  rsportsdi  ths  eoncluaion  is  nads  on  radical 
nschanian  of  ths  initial  stags  of  ths  sthans  pyrolysis  dsaeribsd  by 
aquation  (2). 
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Tn  nricT  or  am  sjciucal  nno  oi  ▲  oanxMDOOB  uqoid  jit 

b7  A,  A.  iMtrolMn 
M.  M.  Kusln 
T.  K.  luykov 

Initltuu  o£  Ugh-PTMiiirt  forties,  MBteoir 
Continuous  liquid  Jots  art  nos  finding  inorossing  TpHffstlfin 
in  tho  national  economy,  and  tho  tondoncy  is  to  inoroaso  thoir  outflow 
apood.  Under  dtrelopaent  is  a  hydraulic  aacoarator  dasignoi!  to  destroy 
rock  at  the  speed  of  the  water  outflow  which  is  faster  than  the  speed 
of  sound  in  the  air.  It  is  kno-m  (1)  that  a  high-opeod  Jet  grows  in¬ 
creasingly  wider  further  away  from  the  noaale,  asstaing  the  of 
a  cone  consisting  of  a  mixture  of  water  and  air,  and  its  destruotiTs 
capacity  is  therety  sharply  reduced  (2).  The  fight  against  the  atom¬ 
isation  of  the  Jet  is  therefore  assuming  deoisiye  importance  in 
connection  with  hydraulic  excavators  whioh  are  used  for  destroying 
rocks  located  at  considerable  distances  from  the  nossle.  It  is  be¬ 
lieved  possible  to  compress  the  Jet  with  the  use  of  an  aoctemal 
electrical  field  if  it  can  be  electrified.  The  Institute  of  high- 
pressure  physics  of  the  USSR  Aoademr  of  Soiexioes  has  therefore  —dt  a 
study  of  the  effect  of  an  electrical  field  on  a  omtinuous  llq^rid  Jet. 
The  nozzles  used  in  the  tests  bad  a  diameter  of  0.5  to  2  an.  The 
speed  of  the  Jet  was  about  2.5  neters/sec.  A  high  voltage  rectifier 
capable  of  developing  up  to  20  kilovolts  was  used  to  orease  an  eleo- 
trical  field.  Up  to  7  kilovolts  the  voltage  was  determined  ly  a 
ijdlovolt  meter,  and  above  that  ly  ^  spark  gap  in  the  disoharger  J, 


i  installed  at  the  rectifier  outlet.  The  table  on  which  the  teste  were ! 
made  was  covered  with  an  insulating  rubber  oat  so  that  all  the  iteos 
on  the  table  were  insulated  from  the  ground.  The  obseirations  were 
made  vlsuaUy  and  photographed  with  an  exposure  of  1/1250  sec.  The 
photographs  were  taken  at  a  40^  angle  to  the  jet  trajeotoxy  plane, 
the  lens  being  held  at  a  level  of  the  nozzle  tip.  It  was  first 
determined  whether  the  jet  coelng  out  of  the  nossle  was  eleotrifled. 

As  the  jet  went  through  a  ring  under  a  ^  6  kilovolt  potential,  indi¬ 
vidual  drops  of  water  were  seen  to  detach  themselves,  swirl  around  th^ 
rim  of  the  ring  and  adhere  to  it.  In  another  test  the  water  jet  was 
aimed  straight  down  between  the  plates  df  an  air  condenser  which  had 
+  6  kilovolts  in  one  armature  and  0  in  the  other.  The  jet  was  first 
attracted  to  the  6  kilovolt  plate,  and,  aotjuiring  a  positive  charge 
upon  contact,  was  repelled  from  that  plate  and  attract«i  to  the  0  plats. 
After  that  the  phenomenon  was  repeated  from  the  very  beginning.  The 
oscillaticn  frequency  cf  the  jet  dej)end8  on  the  distance  between  the 
plates,  the  potential  of  the  positively  charged  plates,  the  nozzle 
diameter  and  the  speed  of  the  water  outflow,  etc.  In  our  case  the 
oscillatton  frequency  per  second  equalled  2.  The  water  jet  coming  out 
of  the  nozzle  into  the  air  was  thus  found  to  be  charged.  This  is 
probably  due  to  elactrokinetic  phenomena,  but  it  is  difficult  to 

establish  whither  this  elactrization  occurs  in  the  noszle  or  in  the 
air. 
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AxtlfioiO.  alttrlution  of  witor  jot. 

Tbo  authors  assmsd  that  one  of  the  reasons  for  the  atooisation 
of  the  jet  as  it  travels  away  froa  the  noaale  was  electrisation.  Actual¬ 
ly,  if  the  water  drops  receive  a  slailar  diarge  they  repel  each  other 
therely  widening  the  jet  spread.  Experinents  in  the  artificial  electri¬ 
sation  of  the  jet  were  tiierefore  made  for  that  purpose.  When  a  high 
tension  wire  was  connected  directly  to  the  netallio  nossle  tip  (Fig.  l)i 
the  jet  took  on  the  saoe  charge  as  the  tip*  A  netal  level  attached  to 
an  ebonite  handle  and  connected  to  the  nosale  tip  with  a  high  tension 
vdre  was  then  placed  in  contact  with  the  jet.  The  ^charged  was  repelled 
from  such  a  test  rod.  The  similarity  of  the  jet  charge  signs  was  also 
confirmed  ly  the  determination  of  the  drop  charges.  Tvo  identical 
electroscopes  were  used*  One  of  then  was  dxarged  with  the  use  of  a 
metal  on  an  ebonite  handle  near  the  nossle  by  the  repeated  trans¬ 
fer  of  the  same  amount  of  charges.  The  second  elaotroscope  was  charged 
by  the  water  drops  coming  out  of  the  nossle  and  hitting  the  eleoti^ 
scope  ball.  Charged  to  the  same  potential  by  different  methods,  the 
two  balls  were  conneotedi  the  electroscope  needles  reuined  in  place  . 

1 

which  confims  the  similarity  cf  their  ehaxges. 

214 


Fig.  2,  a-  Jet  flowing  out  of  two-opening 
nozzle;  b-  same  jet  with  nozzle 
under  high  pressure. 

A  rioriile  v.’aE  built  .vitn  tvo  .r-iilti  ov3niii_.s  ■’•itn  0.8  iai.1  c-ia— 
meters,  spaced  at  2  mu  from  eacn  otner.  ’.Vhen  a  iii^n  voltage  was  passed 
to  tne  nozzle,  these  jets  repelxcd  each  otue r  (*il.  2).  It  is  axso 
obvious  that  tne  atwaization  of  an  artificieliy  cnargeu  jet  i^ito  drops 
is  more  intensive  thgta  tnat  of  rai  JiiCiiargea  jet.  ojeciax  tests  sho’rtcd 
(Fi^.  3)  that  the  atomization  of  a  jet  iacreasos  v.-itn  tne  incrcasa.ig 
ao  iaic-ation  of  a  cnarge.  at  a  uistance  of  350-4oU  mm  from  tne  iioszle 
t..6  jet  begins  to  atomize,  aiid  hits  tie  target  in  the  form  of  separate 
marge  droxis.  The  dispersal  of  the  drops  is  proportioial  to  the  applied 
ciiarge.  At  a  distai.ee  of  170-200  mn  from  the  nozzme,  small  jets  consist¬ 
ing  of  ti.iy  ••'ator  oro..:,  begii;  to  brnicn  off  tne  main  jet.  The  dispersion 
angle  of  the  sniLl  jets  iuens  •.vith  tne  ii.creasing  charge,  reaching  a 

I 

^TBaivlaum  value  up  to  60^. 
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Fig.  3.  Increasing  jet  atomization  with 
increasing  pressure 


b-coiapressiDn  of  Jet  with  an  analogously  ■ 
charged  cylinder; 


c-jet  cannot  "break  through"  charged 
cylinder. 


rho  electrified  jet  -ac  contracted  aiid  passed  tnrougn  a  reticular 
metal  cylirider  (for  the  coiRre.ni6.ice  of  obeervatiou)  .vruen  '.vati  con.iectec 
to  the  noLzie  a  ni^n  voltage  -ire  (f’ig.  4,  i,  b) .  At  i;oi..e  critical 
■*.oiut  the  Icinetic  energy  of  t.it  cnarged  jet  is.  not  nigh  enoUt.h  to 
overcoue  t.ie  electrical  field  of  tni=  pj’^iinder  (?ig.  4,  c) .  All  the 
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;  above  Hated  teats  were  Bade  wiili  ordlnexy  t^p  water*  itteapta  to  i 
electrifly  kerosene  and  spindle  oil  Jets  (good  dielectrics)  did  not 
produce  aiy  positive  resultsi  the  potential  did  not  produce  aagr  effect 
on  the  shape  of  the  Jet. 

It  was  thus  established  that  an  electrified  water  Jet  breaks  up 
in  proporUon  to  the  Jet  potential,  this  break-up  can  to  a  large  exteat 
be  controlled  and  reduced  to  a  mlninun  with  the  use  of  charged  focusing 
cylinders.  At  any  rate,  it  nay  be  stated  that  if  the  eleotrisatiOQ  of 
a  Jet  Is  one  of  the  reasons  for  its  breakpmp,  this  factor  can  be  reduced 
to  aaininm  ly  passii^  the  Jet  through  sinilarly  charged  cylinders,  rings 
or  bellows. 

The  above  tests  Justify  the  hope  that  an  increase  in  the  oonpact- 
nsss  of  the  hydraulic  excavator  Jets  with  the  use  of  an  electrifiil  field 
nay  be  quite  effective. 
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THRMAL  mass  nCBAIIGB  HI  AIIXSOEROPIC 


by  M.  1.  Omujobov 
Kalinin  PMt  InttituU,  Monoow 

foUoi^  (li  2)»  the  theuael  mm  axobange  In  MiiOtropla 

fiy  .  ■ 

ea^iUaxf-pozous  ooUold  bodies  oen  be  desoribed  by  s  syst^  ^  egustions. 


dt  V'  r  j.  V  D 

i-i  iri 

l-l  ‘  l«l 


(1) 


(2) 


where  ^represMts  the  Cartesian.  ooordinatM  (1  x  2f  2){  t»  0  arei 
respeotiTely*  the  teoperature  and  potential  of  the  mass  exchange; 

Q  ■■  d/  +  Dim  ;  C^  ■■  ■  a*, . 

It  is  assumed  here  that  the  ooeffioimts  of  heat  and  t«»peratwe 
conduction  I  moisture  and  potential  oonduotion  and  the  thezno-gradimt 
ooefficients  Si  differ  in  the  direction  of  the  coordinate  axes.  ®he 
other  coeffioiaits  do  not  depend  on  the  coordinates  as  they  are  the 
mass  (rolvmetric)  characteristic  of  the  body* 

We  vdll  find  a  solution  of  system  (1) ,  (2)  for  an  anisotropic 
body  representing  a  parallelepiped  with  the  following  dinansions 
j  2^  X  2-^j  under  boundary  conditions: 

t(Xi,  X|,  X,,  0)  Xf,  X,),  fi(X|,  X,,  Xs,  0)  ■ 

-f|(Xl,  Jff.  Jf|)» 

^d  symmetry  conditions  {it  is  assumed  here  that  the  coordinates  J, 
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;  originate  in  the  center  of  the  parallelipiped,  end  the  lolutloa  talcea  | 
into  aooomt  only  1/8  ot  its  toIuu) 

»(0.x}  dK0.x}  . 

•  T, - "•  (5) 

After  the  suooessiTe  application  to  equationa  (1)»  (2)  and 
conditiona  (3)~(5)  of  the  Lapiaoe  integral  tranafoxnation  by  time  and 
the  Laplace  finite  transformation  (3)  or  the  Vourler  ooalne-tranafor- 
matlon  (4)  by  three  coordinates  and  their  combined  soultloni  we  get: 

(6) 

where 

H- 

M«-C,p»  +  C,^+Cdi;  +  +  M  + 

T{Xi,  Xt,  Xt,  q)">^txp{-qt)t(Xi,  x,,  t)dt; 

0 

9)- Jexp(-9t)0(;f,,  X,,  t)dt; 

0 

“  r* /’*]•* 

7’(Pi.  Pi.  a.  q)QOspiXCOsp^cosp^^^; 

0  0  0 

1 2  are  transforms  by  three  coordinates  of  functions  0, 
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i 


♦t  +  ’Fi- 


PihP» 


Oi  +  Vi* 


ilngtiitinpJiiin/ 

PM 


l>f(Cifli*^  Ati)» 


fi(P)  - 1  exp(-^t)f|(t)<<t;  -  J'exp(  -^t)t,(t)4t. 

Aooordlng  to  oomditioai  (4)»  (5)»  Pl»ro®ttri«tlo  oopatlaui 
tM  rtoordoA  oi  follows: 

cot  (piW  -  cotp*  -0,  P*  ■  (2*  - 1)«/2  (*  •  1*  2,  3,  ...); 

C0l(p^)«>C0tPa^t  Pm  (2«  — U*y2  •••)* 

cot  (p^i)  *  cot  Pi,  — 0,  p«  ■  (2«  — 1)^  (« ■■  I,  2,  3,  ...). 

Is  uts  tils  inTsrslOQ  foxnals  to  thangs  to  tte  ortgiatls 
by  tbs  soordiastsst  squats  ths  4«ifl®iaator  of  ogustlou  (6)  wltb  so>0| 
find  tbs  roots  snd,  using  tbs  sxpansloii  tboOrM»  ws  tdll  got  th* 
fiatl  sxprsssion:  (<’)  »(X, 

^  ®  > •  i__ •  III 


ft«il  m**!  (•"I  /“I 


t)- 


tail  M»1  ffal /vl  _  _ _ 

I 

•‘J  “Z|’ ^ 

r* - - - ■: .  -  -  . 
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1 


1 


Lut  /  U 

A  •  r  M  ^ '  A*  * 

*>-Z'  ^1’  » 

0.  -  v"  <«.,  +  C WR  i 

Ml  ^^MiiY  i  + 

+^i‘i+^i‘; )  -■•  [5i:;r+i5:;+iiL«.+ 

,  A,A,Mm  I  >  ..j._L\xj!!d!£tf!l-/— 4  —W 

■*■  ~1M^  \  Lu.  ^  Lu.  r  L]li  \  Lu.  Lu,  I 


l^Li  \  LU|  LU|  j  J 


“/•' 


/(,=!+ Fe<+1M,  /-I.  2,  3;  Fe<-~I  ^  ’ 


»/• 


«/,  -8  J  J  J/.(^i.  ^1.  ^.)co8|»*  I*  co5|i«  i  cosii.  X 
0  0  0  ‘ 

2L  dh.  dh^  .  COSi»»  —  C0S|i,»  ■—  CpSji,  -^Xp(— »/F0m); 

/l  It  U  ^  It  h 

Ftf-W  C  l 


J 
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+  U  »)  I  exp  |-  V/  (Fo*  (t)  -  FOp  (»)I  d  Fo«  (•)X 


X  cosp*  ^  cosp*  cosp,  ^  ; 

*i  »t  U 


F<v.(-)— ^:F(n.(»)-i^. 

It  it  not  difficult  to  txtond  tho  Mthod  of  solution  eitod  in 
tU  trtielo  to  bodUt  of  various  configuration  hj  uaing  tha  Laplaea, 
Fouriar  or  Hankal  finita  tranaforaations. 


STMttlT 

A  haat  and  nass  trantfar  aquation  of  an  anisotr^ie  eapillarjo 
porous  colloidal  body  ia  solved  in  tha  papar.  Tha  body  la  a  parallala< 
pipadon  21j  X  21^  X  21j  in  sisa  under  boundary  conditions  (S)  and  (A) 

and  syanatry  conditions  (5). 
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snauBiR  Am)  modklzxo  coRranora  op  aicubs  iLicRoaHiLniio  nocnsn 

b7  0.  8.  Rut 

8tat«  8eUntlfie  IttMreh  Inftltvtt  o£  RonftrrMi  Mitalt,  Itoteow 


Ttodar  g«i«ral  ttationazy  oonditlona  daalt  with  in  tlM  foamilM 
(8)-(29)*  wa  aaaiau  that  aa  in  tha  eaaa  of  low  Talnaa  s 

tha  affaota  produoad  by  tha  polarliation  of  a  dialaetrlo  lay  ba 
igaorad*  In  tbit  oomnaotioni  «a  ahall  oonaidar  •  Othaxviaa 

a  alnilaxlty  analyaia  id.ll  laad  to  an  additional  afuation  oonditicn 


in  tha  aantpla  and  nodal  of  dialaotrio  panatrability  «hioh,  aa  trill  ba 
aaan  latar,  doaa  not  hara  to  ba  fulfiUad  in  tha  oata  of  high  talnaa  e. 

An  aquation  of  aotioi  ia  Talid  for  any  aonant  of  tiaa,  and 
that  naant  alao  fori^  «  0,^  $  *  •••  it  wiU  poaaibla  to 

inoludo  in  it  s  1  for  a  ainilarity  analyaia. 

Raplaoing  tha  dlmanaional  aagnitutoa  a»  a,  a»  a  in  tha  aquationa 
by  tha  diaonaionlaaa  A  ,  A  ,  A  ,  A  (vhara  a^  ia 
tha  nagnituda  aoala)  and,  azoluding  tha  aoalaa,  «a  will  gat  ditMnaion- 
laaa  aquationa  and  tha  following  binding  aquationa  batwaan  tha  aoalaat 


1)  from  tha  aquationa  of  tha  alaotromagnatio  fiald  (S) 

^ea  •SVea 

2)  fzco  tha  aquationa  of  notl^  (9)  ' 

—  "r  V 

3)  from  tha  aquationa  of  haat  tranafar  in  tha  andLtiag  (11) 

4)  tim  tu  nwUoii  of  liMt  ooBdiima  (13) 

*  iba  numaratlon  of  tha  fozii^aa  in  thia  artiola  ia  in  aaoordanoa 
with  (1)  of  whleh  thia  work  ia  a  oontinuation. 
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5)  from  the  l)Ouadftry  ooadltioni  (21) »  (23)  I 

The  otbare  do  not  produce  any  binding  equatioai*#  We  bare  13 
equation  binding  19  unknom  aoelea.  Selecting  the  following  6  fcaloa 
as  independents  » 

and  detezmining  all  the  others  from  the  binding  equations  by  diTidlng 
the  physical  magnitudes  into  the  soaleSi  me  will  obtain  the  ralues  of 
the  dimensionless  magnitudes. 

If  the  unknown  quantities  are  dlmensionhess  Oharaoteristic 
equations,  the  solution  of  the  entire  system  of  dimensionless  equations 
may  be  recorded  in  general  terns  as  follows: 

/C'^n)  -  K'\X\  i .  z.  L/,  L// . 4  Fo,  Erpi. 

/ 

Br,  Br,  e«,  i^.  v,.  ko*,  Qp*,  csr; ,  e*.  ,  Ki, 

/c:,,  /c,  x:,,  x:,.  x.,,  x«,  x*,.  Pr*,  a„, 

Apj,  Cp «  Cpi,  Cp|,  Cpi)! 

x'-K^n):  <„-<i,(n):  Po.-Poi(n), 
ei,j-ei.i(n):  /r-r'(n);  Ett-Eu(n>.  (*«) 

Where  the  function  f(|T)  is  introduced  to  simplify  the  recording.  It 
can  be  understood  as  a  function  of  a  point  in  some  region  of  multi¬ 
dimensional  space  fl  ;  (ihe  number  of  spaot  dimensions  is  equal  to  the 
number  of  dimensionless  magnitudes  included  in  tbs  sign  of  the  function, 
and  the  region  is  determined  by  the  possible  talues  of  these  isagbitules. 

The  monodromic  criteria  here  are: 

*lt  is  assumed  that  all  the  equations  expressing  boundary 


conditions  are  inTsrisnt  in  relation  to  scale  trensfoznations. 
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V 


. 

a  m  V*— ;  V,--5^(— *4-^; 

Qi4»  — • 


A#,  *1.  «s.  M 


C«.  «i.  *1.  •» 


>i.  ♦!.  . 

'*  ’ 


Th«  poly4ro«le  ecit«rl«t 

Fo  - -^ !  -  ^ :  Bl' - -yL : 

P*gc*K  »»• 

“  ’i;;r  ’  ’ 

Pr.-Ji^:  Po,--^;  E»— 7^: 

X,  \tx  pv* 

,  ■  1 

V'  _  ^»i»  *i»  ,  1C  M  ***  . 

A,,.  «t.  *1  -  ■  ^  •  •  ®,  ’ 

»P  V* 

Th<  K*  and  K"  eriurli  ara  variant  eritarla  of  tho  olaetraMg- 
natle  flald  and  with  altamatlag  altiuaoidal  earront  and  ■  1« 

and  and  ora  Bu  Po  varianta  for  pondaraotlva  foreaa  and  joala  boat) 
K*  '  •  la  a  aisilarlty  erltarlon  of  an  alaetroMgnatle  fUld  la  wvlng 

■•din*  .  ...  .  ^  1 

_  Iba  K'  erltarlon  eharaetarlaaa  tha  ratio  of  tha  oarrant  aaadna-J 

tanaa  danalty  to  tha  rotation  of  tha  aagnatla  Intanaltjr  In  a 
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<•—  „  •  .  ,  s 

i  ttatloaary  madivn;  '  ' 

K"  obaraottxlzM  1)  th*  xatioa  batwtt  tha  dlaplaovunt  eormt 
dantity  and  tha  eoaduota&oa  aurrmt  in  a  atatdoiwxy  Mdlvft;  b).  tba 
ration  batwaan  tha  tranafar  ourrant  danaitjr  of  a  aorlxig  polarlnd  aadim 
and  tha  oonduotanoa  ourrant  ganaratad  by  tha  aorandnt  of  tha  aadlOB 
in  a  nagnatio  fiald;  o)  tha  danaity  ratio  batwaan  tha  pondaxnotiTB 
foroaa  in  a  atationary  dialaetrio  and  tha.  pandannotlva  fareaa  In  a 
atationaxy  oonduotor; 

K*  * '  oharaotarlzaA  tha  danaity  ratio  batwaan  a  oonduotanoa 
ourrant  ganaratad  by  tha  aoTanant  of  a  oonduotor  in  a  wagnatio  fiaXd 
and  the  oonduotanoa  ourrant  in  a  atationary  nadiun; 

(K*  *  •  )*  oharaOitariaaa  tha  danaity  ratio  batwaan^, tha  pondaronotiTa 
foroaa  ganaratad  by  tha  noraaant  of  a  dialaotrio  in  an  alaotrioal  fialdi 
and  tha  pondaronotira  foroaa  in  a  atationary  dialaotrio^ 

All  tha  Taluaa  in  tha  oritaria  of  tha  laft  part  of  aquationa  (42) 
apply  to  tha  aama  flowing  point*  ^11  tha  oritaria  in  tha  right  pat  of 
tha  aquationa,  axoapt  Z,  I,  Z,  li*,  li",  hara  a 

atriotly  local  aatnlng  (it  ia  raoallad  that  tha  diianaionlaaa  oharao- 
tarlatlo  aquationa  ara  oonaidarad  aa  fizad)* 

^'ha  raaulting  oritarial  ralationa  fulfill  tha  raq^lrMMnta  of 
tha  ff-thaoraa*  Indaad,  tha  nuabar  of  phyaioal  Taluaa  ia  N  a  50*vi; 
tha  numbar  of  raluaa  with  lndap«d«it  dlaMnaion  b  -s  and  tha  nvidtar 
Of  oritaria  N  -  b  = 

It  ia  obTioua  that  tha  ainplifioationa  wa  introduoad  ia  tha  ‘ J> 
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TAMWlpUQn  of  0  atotioiioxy  out  Gk  oorMot..OBL  oonditioii  thot  • 

To  pzodttoo  o  alBlloxlty  of  oloetrlool»  t«porttttrO|  Hlooitp 
«ad  prostuio  fltldo,  tiia  oritoria  K^**  nd  liia  tho  aiillar 

poiata  of  tho  aodoL  and  aaoplo  ahould  bo  tho  a«o.  Thlo  «oid4  obflonUp 
doiur  if  tho  foUowixig  war#  aQaal  ia  tho  sodbl  aad  aiaplo 

L/  •  L//  <  •••«  Ly  t  Po»  Ro^pt  t  0|.  t  Kop  t  Qpp «  Gr^  •  S|  •  /C» « 

^•1 »  ^1*  ^*1*  ^*t* 

A*|,  A«p,  A*t«  C*,  Cpi,  C*|,  Cm, 

if  ii*,  Bi"  aad  vara  aqaal  la  tha  aiailar  poiata  ea  tha  boiadaxy 

aurfaaaa  at  tha  aiailar  loaiata  of  tlaa,  aad  ia  tha 

poiata  of  tha  toIubo;  alao  if  tha  dianaioalaaa  oharaatariatia  afoatloaa 

vara  oorraapondlagly  idaitloal  for  tha  aaapla  aad  aodait  Tbia  ia  tha 

rala  for  aodallag  tha  prooaaa  uodar  iaTaatigationt 

la  a  atatioaazy  oaaa,  tha  aquatioaa  (30)-(41)  vith  •  1 

viU  prodttoa  tha  foUoviog  biadiag  aquatioaa; 

V*  Piib 

'  u 


u 


4 


Kl 


/•  1.  ’  /.  ’ 

Wa  vlU  aalaot  7  aoalaa  vith  iadapaatait  dl—iaiinaT 

^  /  _ _ _ _ 

Ij  aaalogjr  vith  tha  pratleua  eaaa,  va  viU  gats 

L 


—  - 


I 


whtrc 


,  K'*  -  /c'^n')  -  K''(X',  r\  2'.  U .  U/ . u' . 

Q.  a^.Q^.Or;,  Pr.); 

<''-/C^(n'):  Re-R«(n'):  Eu-Eu  (H').  (43) 


The  other  orlteri«  are  the  Mm  aa  in  a  noMtationary  eaae*  Zt 
foUowa  frOB  (43)  that 

Nu--2i^-Nu(n'). 

A 

Here  the  requlrenente  of  the  ^-tbeoren  are  alao  fulfilled:  V  *224  i; 


b  ■  7;  N  -  b  5  15+i, 

^'ha  gist  of  the  aodeling  rule  la  that  in  the  aodel  and  aa^ple 
,  U,  Or*  ,  Pne  wiat  b[e  oorre«poadiagly  equal,  and 
^rp'  ^rp  diatribttted  on  the  Malting  bonSiditriaa;  Ibhe  dlMh- 

aionleaa  oharaoteriatio  funetlona  nuat  be  reapeatiTely  idantieal* 


'  j 


—  u*  — 


ft  if  hir«  tbat  th*  oxd«r  of  rolatlono  botM«i  tin  roLotivo 

eouduotaaoM  i&  the  tarloue  parte  of  the  foxnaeo  and  ita  ■odal  la  tte 
aanat  and  the  aixa  of  the  olaotxodaa  and  the  looaticn  of  the  toltMter 
teat  olroolt  are  ineluded  In  the  niaibor  of  gaoMtrie  parHatora* 

It  ia  not  diffieolt  to  aee  that  trim  the  nenpotmtiaX  aapoat  af 
a  field  oan  he  Iciored  /aee  tq^reaaiona  (34)  aid  (35)/i  tha  arltorlon 
X4  la  oxeluded  fron  the  orltarial  dependmeea  (43) »  aod  the 
arlterlon  trtll  look  like 

iftv  fl*aV 

* 

Xn  the  ooBDuerolal  ore-melting  oleetrio  fuxnaeea  of  the  non- 
ferrona  aetailnrgy  K«41  and  ^har  cm  thaxefoxe  he  aodhlad 

aooording  to  the  abOTo-oatUned  rule* 

If  the  linear  aoalea  of  a  nodal  and  aonpla  are  dlffemt*  the 
uaa  of  the  aane  analtlng  in  thm  ellL  reault  In  the  nonfolflUJNnt 
of  the  Or^'  :  1dm  re^uirmmt*  ^a  hrlnga  up  the  prohlm  of  aeleetlng 
aodellng  Bateriala* 

^  far  It  haa  been  ia^oaelbla  to  aeleot  the  aultable  mterlala 
for  modeling  nonatatlonaxy  operating  oonditiona  of  fuxnaoea  In  the 
nonferroua  metalluxgioal  induatry. 

The  rule  for  modeling  a  atationary  eaae,  aa  ahom  hj  ealoula- 
tlona  and  the  expertenoe  in  modeling  ooemerolal  fuxnaoea,  om  he  eaaily 
foUowad  hy  eoToring  the  analting  ia  the  modeled  fuinaee  iltb  a  aolld 
oharge,  and  hy  uaing  aoidified  glyewln  (alag)  and  agphthalone  (aoUd 
|.^ga)  aa  modeling  matarlala.  .  ^  j 


229 


r 


Approxluttt  BOdtling  i 
vi*w  to  roduelng  tho  alio  o£ 
of  aodalins  utariala. 


lathoda  ara  now  baing  davalopad  with  a 
tba  aodala  and  widaning  tba  aaaortaant 


Siwllarity  condttlona  ara  analyaad  and  rulaa  for  alwilatlon  of 
tha  proeaaaaa  occurtng  in  tba  alactrlcal  waiting  fumaca  nndw  •t«tlon- 
ary  condltlona  ara  forwulatad.  Tbta  analyala  allowa  to  obtain  erltarlal 
aouatlona  (42  and  43)  in  a  ganaral  form. 


1962. 
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TfiSOlAL  STHESSItS  itND  HEAT  RELEASE  01 
REOTARGDLAR  CROSS-SEOnON  SNIIS 

by  A.  S.  TxotlBOT 

Certain  parts  of  nuclear  reactors  are  shaped  like  fairly  long 
prisms  >  3a,  if  a<<b)  with  a  rectangular  cross  section  (2a  x  2b) 
(fig.  1)»  or  have  a  very  similar  shape  (the  reflector  and  deotlerater 
units,  etc.).  Knowing  the  heat  release  q^and  the  taaperature  field 
T(x,  y),  it  is  quite  simple  to  deteznine  the  magnitude  of  the  thenNl 
stresses  In  such  units. 

Disregarding  the  axial  temperatuzw  gradients,  we  will  have 
a  condition  of  plane  deformation  \  ■  const.  Introducing  the  standard 
-  symbols  (1) ,  we  will  get  a  formula  for  the  axial  stress  .,  assuming  the 


lack  of  external  loads  on  the  priam 

•  i 


3,  x£ 


and  for  the  tension  function  definable  as 

^  -  , 
3  M  *  On  I 

'  a/  •  ' 


we  will  get  the  following  equation 


a>a> 

dxdy 


)— V 


where 


...  »  I  ;  ^  ^  ■ 

'  a,*' 


JLmJL 

^  ««•*  a/’ 


with  the  following  boundary  conditions  on  the  oross-seetien  oontour 

dn 
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Ixi  a  steady-state  prooess  «e  baye: 

vbloh,  irltb  =  coast  produces  the  foUoving  problMi  for  the  dliMnsion- 
less  stress  fuactioa  u  =  ^  I 


at 


^*U  s=  1 

—c<x<c, 

—  1  <;  1, 

(4) 

±c  —  ± 

a  n 

-  «ax  —  «0, 

b  dx 

(4*a) 

r/-±l 

du  f. 

— -0 
dy 

(4.b) 

(Hereinafter  x  and  y  will  he  used  as  dim«isionless  coordinates) 


Fig.  1.  Diagram  of  rectangular 
cross-section  unit 

Ve  find  solution  (4)  by  using  the  Tariationsl  eethod  (2)  end 

4 

the  n-th  approximation  for  u(X)  y)  in  the  fom  of 

Un  «s  (x*— !)•[ «i  +  ^5) 

The  systeni  of  equations  for  the  unknown  coeffioiants  a^  in  our  case 
loohs  like  the  following 


L 


— f  —I  ^  *~i 
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fi“fii^nT.  A.  tu.  I 

V«  shall  lUit  ouraalvaa  to  thraa  tana  of  tha  aarlaa.  thaa 

v*  E(i^.-8a,13(»‘-l)‘  +  3(«*-cV  +  4(a«’-‘‘)»V-01  + 

+  8«,  13*‘{^*-c‘)*+3(»*- + 

+  2  (3k'  - 1)  (IS**  -  12«V +«•)!  +««•  ')*  + 

+ 3(*'  -  <^)'  (15k* — 2)  +  2  (S**-  <^)  (ISk*  -  +  *)!• 

Subatltttting  quadraturas  In  (6),  aa  gat  tha  following  ajrataw 


L  /  192  ,  ,  256  .  ,  192  \  1 

+  0,^— C‘-U_c«f— j.y 


Tha  solution  of  this  syataa  for  tha  dlffarant  eross-saetion  ralatioaa 
is  givan  in  Tabla  1. 


Valuaa  of  eoaff iciants  ^a. 


Tabla  1. 


L 


0.1 

0.2 

0.3 

0.4 

0.6 

0.6 

0.7 

0.8 

0.9 

1.0 


0,034896 

0,036670 

0,038924 

0,040420 

0,038910 

0,037419 

0,033674 

0,029069 

0,024461 

0,020203 


0.0072160 

0.0076043 

0.0083781 

0.0090060 

0.0092298 

0,0090146 

0.0084631 

0.0078667 

0.0067707 

0.0068675 


0.2153200 

0.1884900 

0.1448520 

0.0088810 

0.0824880 

0.0385640 

0.0237190 

0.0147010 

0,0002206 

00068876 
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g«t  the  following  foznulas  for  ttressM  U)t  | 

*  (8) 


whore 


»£  qpft*  . 

1-v  /. 


f,  -  2  (jr*  -  c*)*  {(3i^  -  1)  |2 (aj  +  a,**)  +  0, (3i/*  - 1)1  +  -  »); 

/,  -  2(y*  -  1  )•  {(3**  -  «*)  12  («i  +  «i^)  + 

f,„  -  -  8f y  (JK*  -  e*)  (l/*  - 1 )  |2fli  +  «t  (3*^  “  ^ 

The  normal  otresaeo  ooour  on  the  prim  furfaoe  a^d 

are  defined  hy  the  following  foimulaa: 

±  •  with  •f“®* 

(9) 

HIM  “  (^*  *“  i  *  0)  *  »  with  **  ""  ®’ 

Bore  the  raluea  depend  only  on  o»  and  can  be  tabulated 

(Table  2). 

Table  2. 


H/M 

The  f  and  f  Taluei  in  relation  to  o 
X  y _ 


0,1 

0.2 

0.3 

0,4 

0,6 

O'l 

0.8 

0,9 

1.0 


/;“*«8c*(o,  +  o,) 


0.00020018 

0.00288]00 

0,01190900 

0.02847500 

0.05119800 

0,07^76800 

0.11004800 

0,14344(100 

0,17688000 

0.20648000 


[/7*-8c«(ei+<%) 


0.0027973 

0.0117500 

0,0285700 

0.0’)35800 

0,0844300 

0.1171I0J 

0,1478500 

0.1730600 

0.1941700 

0,1084800 


If  eolution  (5)  were  to  inyolve  only  one  term  of  the  eerieii 

ae  ie  the  oaee  with  foneulae  (3)i  the  <y  would  be  placed  too  low 

max 

iJ  about  23St  for  a  aquare  oroae  aeotion);  but  the  addition  of  the  ^ 
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iSu«l«  t«»  «t  «>•  (f-®!-.  l*  •»  -K**!- 

uomta  to  .ppt<»l*t*l»  5*.  •»*  •**  *"  “"»•“*•*  ^ 

▼iw  of  tht  Mourato  dlfinltion  of  tho  oooittnti  ftc. 

Tho  tangantial  atrassas  on  tha  iurfaoa  ara  paduoafi  to  lato, 
thalr  "-Himm  balng  fomd  in  tha  ragloa  irhara  tha  noiMl  itrMoaa  ara 
10.,  UA  tho  *bK)lut.  ««olt«4.  of  10  ooaoldwrrtlar  omUot  thin 
^  ((or  0  •  1  0.234):  too  tongootlol  otroOooo  .lU  tboroforo 

ttOt  ha  llaiting  faotora  in  tha  oparatlon  of  tha  unit. 
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ooNCBiniio  Tsi  osTiGiL  niMnn'or 
fipmsiGAL  i&mAL  nrsoLmcw 

hj  1.  ik«  liitiff 

As  is  knoMi  (l)i  the  oritioal  dlsMtsr  of  tbs  tbsxml  iamltUoo 
of  oyXi&dloal  and  sphsriosl  bodiss  is  ususUy  rofsrrsd  to  so  tbs  tsXuo 
Of  tbs  insuletlon  dianstsr  oorrssponding  to  tbs  ainiwn  tbsxnsl  mis* 
tanqs.  Tbs  data  on  a  mrltioal  diantsr  of  tbs  tbsxaal  insulation  of  a 
spbsrs,  urailablo  in  litsxatvirs  (2),  apply  only  to  a  bypotbstioal  OMO 
of  a  oonTsotivs  bsat-szobangs  oosffioisat  indspsndsnt  of  tbs  disnstor 
of  a  spbsrs*  Tbs  8oltttl(xi  sbowx  bslow  rarsals  tbs  prsoios  Tariability 
of  tbs  bsat-sxobangs  oosffioisat. 

Vs  will  rsoord  tbs  gsnsral  w^rossion  of  tbs  tbsmal  ysaistanoo 
of  spbsrioal  bodiss 

r«fs  + 

*<^s  will  assums  tbs  rslation  and,  eoassqusntly»  volation 

(X}%o  bs  known.  !nxus  a  oonvaotiTs  boat  ozobangs  with  tbs  surroundibg 
msdlvun  proTidss  s^riasatal  data  (3)  on  tbs  nature  of  tbs  rslationslip 
bstwssn  tbs  Vussslt  nuiabsr  and  tbs  ^^synolds  n\ad)sr.  Tbsss  data  eaa  bo 
sxprsassd  in  tbs  fom  of  tbs  following  szponontial  relation 

Nu  •  ARsf^,  (2) 

with  R<10  n  «  0,  A  s  2.  As  Re  inoreases.  tbs  Tslue  a  obaages  froa 
n  •  O(Re'^O)  to  n  s  1  (Rs-»«»).  On  tbs  basis  of  (2)  we  bnve 

(3) 

Lirbsre  a^  is  tbs  Tal\w  a  definable  by  foxnuln  (2)i  with  x  a  .i  '  , 
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I  Substituting  <J)  In  (1)  and  cfluvaring  tha  teriuatiuu  ,  un 
find  tha  critical  value  r  •/  .  ii/n  “ 

r  2  («  +  1)  ^ 

\j\  (4) 


or  tha  value  of  tha  critical  disMtar 

(5) 

«a 

The  indapandanca  of  a>  of  tha  aphara  disMtar  corrasponds  to  n  ■  1,  and 
can  actually  occur  orty  during  a  convective  heat  ax^aaga  uith  i-r  an 

In  this  case,  in  accordanca  with  (2),  wa  have: 

n  .  ») 

But  in  all  tha  other  real  cases,  whan  l<  n  ^0,  tha  value  of  tha 
critical  diawatar  will  ha 

2  tiaas  lass. 

TTTT" 

SYMBOLS 

r  .  la  tha  thataal  raalatanca  of  a  spherical  body  to  the  inaulatlon 
layer;  ®  x  -  D/d  tha  ratio  of  tha  variable  external  insolation  diaxatar 
D  to  tha  constant  value  d  of  tha  internal  insulation  diawatar;  a  (X) 
tha  coefficient  of  tha  heat  exchange  on  tha  external  insulation 
surface. 

SOMIhRT 

Equation  (5)  is  obtained  which  ralaUa  tha  optima  thicknaaa  of 
spherical  tharul  insulation  and  tha  convactiva  heat  transfer  xachaniaxt 
described  by  foiwnla  (2). 
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mSI  WTBIUSIQKAL  OOMOBBS  OF  CHBTCATi 
WOlHlIRXlia  (CHISUL)  IN  MO 

hr  A.S*  Oinatexf 

Ta«  firit  International  Oongrasa  of  ;Ohwdoal  inglii— rim>  MO*»- 
ine-building  and  autonaUon  (OHISA)  mui  bald  froi  tha  taeond  through 
tha  aighth  of  Saptaobar  1962  in  Brno  (OaaohoilorakU) .  Participating  ' 
in  tha  congrass  »«a  orar  750  dalagaUa  rapraaanting  19  oountriaa 
(OiachcalorakU,  OSSR,  QDR,  Poland,  Hungary,  BuMuia,  BolgarU,  Xugo- 
alovia,  England,  Balgiua,  Holland,  tha  UaS*’,  Franca,  Waat  Oatnany, 

Japan,  ate*)* 

Tha  following  thraa  aaotiona  wara  ainultanaously  at  work*  l) 
engiaaaring  (chaiman  profaacor  Zb.  Standart,  Pragna))  2) 
mcbina-huilding  (ohaitnan  anginaar  I*  Sohraibar,  Bma)) 

3)  aatonation  (chairaan  anginaar  1.  Bonirca,  Pragua). 

Tha  oonraniag  of  tha  Cengraaa  waa  a  aignifioant  arant  in  tha 
davalojttant  of  world  aoianoa  axd  tachnologjr  not  only  bacauaa  ohaaiatry 
and  chaaical  tachnology  ara  a  powarfnl  forca  of  nodam  tachnioal  pro- 
groas,  but  also  bacauaa  of  tha  ooncrata  aubjacta  of  tha  raporta  which 
covered  a  variety  of  prooaaaaa  and  apparatuaaa  of  varioua  induatriaa. 
For  axanpic,  tha  aaaaiona  of  tha  anginaaring  aaotion  dealt  with  hydro- 
dynanioa,  heat  tranafar  and  drying,  abaorptiou  and  extraction,  dia- 
tiUatlon,  ate.  I  the  aaction  on  aathlna-buildlng  awinad  raporta  on 
the  charactariatica  of  aatariala  ua  d  in  cbMlcal  inchina-bumtng 

L  _ 
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I  (austenitic  rustproof  steal  containing  Cr-JIn-N,  alloys  with  a  nickel  1 
and  titanium  base,  etc.),  the  protection  of  materials  against  corrosion 
(the  chemical  stability  of  acid-proof  enanel,  aino-nickel  electrolytic 
cover,  the  stability  of  polyviayl  chloride,  eto.)i  the  design  and  cal¬ 
culation  of  apparatuses  and  their  elements  (high-pressure  pumps  and 
compressors,  heat  exchangers,  mixers,  cylindrical  vessels),  as  well 
as  reports  on  the  durabUity  of  the  chemical  industry  apparatusesj  the 
section  on  automation  dealt  wiiih  .  coiiaex  automation  and  the  con¬ 
struction  of  automatic  production  control  systems,  the  use  of  electronic 
computers  for  regulating  processes  and  apparatuses,  as  well  as  certain 
problems  of  general  interest  such  as  the  cascade  regulation  of  the 
temperature  in  a  blast  furnace,  the  selection  of  the  best  heat  exchanger 
design,  the  analytical  determination  of  the  properties  of  fractionat¬ 
ing  columns,  the  control  of  the  blast  process  with  the  heat  stream 
pick-^up,  thermistors  in  laboratory  measuring  facilities,  apparatuses 
for  gas  chromatography,  etc. 

A  review  report  on  "The  Investigation  in  the  Field  of  Chemical 
Engineering  in  the  UaSR"  was  read  ly  Academician  N.  tt.  Zhavoronkov  at 
the  opening  of  the  Congress. 

We  dwell  in  greater  detail  on  the  performance  of  the 
engineering  section  where  much  attention  was  devoted  to  pseudoUqui- 
fiotion,  particularly  the  drying  of  granular  materials  in  a  boiling 
layer.  The  first  session  of  that  section  was  devoted  to  a  discussion 
of.  hydrodynamics.  A  report  on  mechanical  liquid  mixing  was  made  ty  — 


jProfMsor  G,  :attldl  (Stpartatot  oTProoMiM  aad  ^pparatuMa  of  tho**| 
PrapM  vhMiioal-Tochnological  XnotitaU)  •  that  rtport  outliaad  ttaa 
iinrostigation  toaulta  of  auoh  phonoaona  aa  tha  haBogonatien  of  latar- 
Bixabla  liquids,  tha  aidiaustitti  of  a  granular  aolid  phaaa  and  its  dis¬ 
solution.  9a  should  also  point  out  such  thanas  as  tha  analjtioal  and 
aj^aclMnui  Invaatigation  into  tha  aavaaant  of  non-HawtonUa  llfiU  CU»  ^ 
Ulbreoht,  Solon tlfic-Rasaarch  Instltuta  of  qmthatio  rubbar,  Ootmldov, 
wsachoslorakla}  j  tha  dateralnation  of  gas  oonsuaption  naasuring  tha 
taiqpdratura  drop  In  tha  adiabatie  aiqpansion  in  a  Tonturi  tuba  (T.  Jiab* 
lar  and  A.  Burkhart,  Laboratory  of  prooassas  aad  apparatuses  of  tha 
Polish  Acadaqy  of  ^ciancas,  and  Dapartnant  of  prooossas  Aad  apparatiisas 
of  tha  Polyteehnioal  Institute  at  Qlirioa) }  tha  study  of  tha  naoh- 
aolsm  of  continuous  araporatlon  of  solutions  and  tha  inrastigation  of 
"lower  density"  areas  in  a  pseudoliquifiad  solid  body-liquid  systaa 
(H.  Bassett,  A.  Lodson  and  B.  Stolday,  Dapartnant  of  prooassas  and 
apparatuses  of  the  Technological  Institute  at  Laffborougl^bglsad). 

The  latter  report  was  illustrated  ty  a  special  filn  danonstrating  tha 
foroation  of  canals  (or,  as  tha  authors  oallad  ikhan  "bands  and  psaudo- 
bubbles")  in  a  boiling  layer. 

The  second  session  was  devoted  priaarUy  to  tha  hydrodynanios 
of  a  boiling  layer.  This  problaa,  now  being  widely  in  Gaaoho- 

slovakla,  was  dealt  with  in  tha  reports  Igr  J*  Beranak  and  0.  ^bkol 
(Soientifio-Basearoh  Institute  of  Organic  Synthesis  in  Papdnbitae). 

Beranak  dwelt  on  tha  uneven  distribution  of  solid  yartiolas  ^ 


rsi  a  boil^Jig  layer,  tbe  author  diatlnguishM  three  typea  of  a  boU- 
ing  layer:  uniform,  bubbly  and  reciprocating.  Considerable  differenoei 
in  the  specific  gravity  of  the  ]^rticlea  and  liquid  tend  to  diarupi 
the  uniformity  of  a  paeodoliquif ied  layer  and  result  in  the  fon»tlon 
of  bubblea.  If  the  aiaes  of  the  ;  individual  bubbles  are  large  enough 
to  be  commensurable  with  the  diameter  of  the  tubes,  they  produce  a 
"piston  effect"  in  the  latter  —  the  hibbles  divide  the  particle 
"pistons".  The  fluidity  of  such  a  pseudoliquified  layer  is  characUr- 
ized  ^  two  aimplexes,  d^/d^  and  d,,/d^  ,  where  d„  is  the  diaMtwr 
o£  the  bubbles;  the  diameter  of  the  solid  particles  end  dun  the 
diameter  of  the  apparatus.  A  vertical  channel  in  which  the  static 
pressure  is  less  than  the  lydrostatic  pressure  may  be  formed  in  the 
layerj  as  the  static  pressure  along  the  edges  of  the  channel  is  greater 
than  within  it,  the  liquid  is  sucked  into  the  channel.  The  sise  of 
the  bubbles  depends  on  the  physical  properties  of  the  particles  and 
their  interfriction.  An  accurate  physical  picture  of  the  state  of  e 
boiling  layer  will  make  it  possible  to  proceed  to  the  IdneUc  cal¬ 
culation  of  the  apparatus. 

D,  Sotol  discussed  the  abrasion  of  particles  in  a  boiling 
layer  which  is  frequently  of  decisive  Importance  in  the  practical 
utilization  of  pseudoliquif action  processes.  The  abrasion  is  de¬ 
termined  by  the  hydrodynamics  of  the  layer^  the  design  of  the  appar¬ 
atus  and  the  plysical  properties  (stability)  of  the. particles.  The 
Ijiutoor  investigated  the  effect  of  the  gas  velocity,  the  height  and  J. 
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Idlwlar  of  too  on  oSoolon  of  «>•  JorUoUo.  fc  f»«^  I 

tut  .)»«ioo  oecoro  iwljuri:/ «l» 
lA  a  borlMatal  plane. 

Th.  rtporta  of  ».  ittatoMUln,  1.  ten  ««l  0.  n»«  (latUtet* 
of  n,»<r<-t  *4<ili«ot  in  Ulrd(,  OW)  onUlnod  tho  inrMtfc. 

of  tm  igdtoftroMie.  tf  «  pwodomtiifi*!  iy«  * 

■Iltutop  oppmito.  iia  owrflo*  ^  OOOUIMOWI/  0P«- 

aUng  apptratoaaa,  lumlljr  of  a  oomlaifl*.  tjrpo,  Oi.  lv«f  «»  • 
lafinlta  thioknaea  ahould  bo  nalntalnad  at  aaob  at^,  and  th*  daratlon 
of  tha  variona  partiolaa  ahoiUd  ba  obataotoriaad  l«r  aoM  ttMag*  Tila*. 

Tho  author*  praaantad  oqnationa  and  chart* -ohMaotarialng  th* 
raUtLonabKi  b.t«.«n  tha  tr«MpoctaUon  jtooaa*  of  tha  »olld  partial** . 
{uji  or  dom)  and  th*  **o**trlo  and  dynaaio  eharaotorlntlo*  of  th* 

apparatus* 

Investigating  the  ailing  of  solid  particles  in  a  horisontal 
uyar,  1.  ItaaU  (Soi«ttfle-B*a.aroh  Inatltut.  of  Inotganlo 
dlaaUttT  at  Jabl-oorUbo,  Ja«ihoalo».ld*)  ohoohad  th*  po*»iblUtf  of 
oalng  a  alapU  dlffualon  nodal.  In  rtwt  of  tha  dlffloaUf  of  (olring 
the  pjobUn  of  th*  longthy  pro**no*  of  th*  parUd**  in  th*  layar  on 

tha  baaia  of  phyaloal  la»a  atana,  th.  »ithor  (Wd  tha  .Uttatical 

Mthod  of  laraattgaUn*  chanc.  phdwaan*.  H*  ohaiaoUrl...  th*  Intar. 

Of  partiolaa  a*  a  »)-call*d  dlffualon  coafflalant  diloh  rotUi 
constant  ttarovghout  the  process. 

L  Ptofaaaor  P.  0.  Sonantor  and  dooant «.  B.  Boahkantay*  tth*  J 


iX^Kiingrad  LttisoTi#t  TtohxiologloiLl  Xagtltutt)  tutaittsd  a  report  on  •! 
'*Th«  drying  o£  paat«-llk«  aatariala  In  a  boiling  layor”.  Ihli  ooopco-  | 
hanalva  poport  outllnaa  a  ntw  Mthod  of  dryliig  paato-lllci  Batariala 
and  doaoribaa  now  daaigna  of  drying  apparatuaaa  and  foadora*  Tha 
affact  of  tha  daaign  of  irrigation  faeilitiaa  and  tha  natar  ta^para- 
tura  on  tha  irrigation  dwaaity  ia  diaooaaad  in  tha  norka  of  T»  BohlaPi 
1.  Synoriata,  V.  Qranorakiy  and  Lu-Bain  Su  (Laboratory  of  prooaaaaa 
apparatuaaa  of  tha  Poliah  Aoadany  of  Boianoaa  at  QUrioa)  •  Xt 
iuforaation  on  tha  tuatar  oonauiption  and  a  oaloulation  of 
tha  irrigation  danaity  for  horiaontal  and  rartioal  pipaa* 

Tha  third  aaaaion  vraa  darotad  prinarily  to  tha  prooaaaaa  af 
drying  laatariala  in  a  boiling  layar. 

Tha  major  report  on  thia  thana  vaa  aada  ly  profaaaor  la# 
Taibororakly  (Waraaw  polytaohnioal  inatituta)*  It  ia  praotioal  to  uaa 
apparatuaaa  vdth  a  paaudoliquifiad  layar  for  drying  paata-llka  and 
aoUd  materlala.  An  inraatlgation  of  tha  haat  axohanga  batwaan  gu 
and  tha  layar  ahowad  that  tha  tanparatura  of  tha  aolid  phaaa  ia 
practioaUy  tha  aana  at  all  polntoi  and  a  layar  of  150  ni  high  and  nora 
ia  oharaoterlaad  by  a  thamal  aquilibriuB  batvaan  tha  gaa  and  tha 
layar.  Aooording  to  tha  aulhori  tha  drying  In  a  paaudoliquifiad 
layar  ia  an  adiabatio  prooaaa.  Ra^arrlng  to  aona  daaign  problaUi 
ha  auggaata  that  tha  gaa  ba  fad  ( tangentially}  aa  in  a  duat  axtraotor 

I 

(eyolona)  in  order  to  praii^ant  tha  foraation  of  ohannalat  day  mob 
l22,odara,  it  aould  bo  praotioal  to  uaa  iipulaa  paaodoliquifaetion.  •• 


Ilht  sptakar  reported  that  grain  dtgftra  with  a  boiling  l^gror  and  a  oap*  I 
aoit/  of  6  tons  par  hour  ara  auoeaaafuUj  At  work  in  PiptUah  agrieuItiM) 
ara  usad  for  drying  rya>  taokafaoaty  oil  plant  aaaday  ato*  Ha  aug* 
goats  that  tha  aatoaatio  control  of  tha  dxying  prooasa  in  a  boiling 
layar  be  baaad  on  tha  layar  and  gas  to^paratura  and  tha  intansifioation 
of  thafaedlng  aachanisa  (ly  tha  usa  of  a  boostar)* 

Dryara  in  a  boiling  layar  ara  oharaotarisad  ty.a  high  taohnioal 
and  aconoaic  indioast  aoistara  reaoral  100*300  kg/n^-hr  (instaad  of  . 

15  kg/a^-hr  in  other  types  of  dryers)  |  specif io  heat  oonsuaption 
2i940*^i460  joula/kg  ^  aoisturaj  whan  a  low  residual  aoistura  is 
dasiradi  the  heat  oonsuaption  eon  be  raised  by  inoraasing  tha  dasorp* 
tion  heat.  Tha  hydraulic  resistance  of  tha  instaliation  ranges  fron 
about  2,940,  whan  tha  drying  ohaabars  ara  oonnactad  in  parallalf  to 
9i300  n  X  ar^,  whan  oonnactad  in  series* 

In  his  detailed  work|  l.Valhariha  (State  ^oiaatifie  Search 
Institute  of  '^heraal  Haehinary  in  Prague)  obtained  a  qratsB  of  differ^ 
ential  aquations  describing  the  process  of  drying  aonodisparssd  sat* 
arial  in  a  jot  dryer,  and  ganaralizas  tbs  saaa  process  for  poly* 
dispersed  materials.  The  polydis^rsed  ays  tan  is  replaced  by  a  certain, 
number  of  monodispersed  fraotioos  which  are  characterised  by  rarioua 
periods  of  their  presence  in  tha  apparatus*  Tha  results  of  tha  thao* 
retical  investigations  were  ohaokad  on  an  axparinantal  installation* 

V.  Vanaoak^(Solentific*Ba8aaroh  Institute  of  Inorganic  ^^banistiy 
WHsti-on*Iiaba}  investigated  tha  dehydration  of  oxystalhydratas  in  a  *4 
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Ilaboratory  dtyar  la  a  boiling  ligraf  aa  wall  at  la  a  saaiproduetioa  “j 
coatiauou8H)pdratloa  Installatloa*  Ttaa  oharaotatiatloa  of  tha  drlad 
materials  are  praaantad  ,  and  tha  baaio  taoboioal  and  aoonomio  indieaa 
cited. 

A.  S.  Giasburg  and  V.  A,  Rasehlkow  (Moscow  taohnologioal  la- 
state  of  the  food  industry,  and  tha  All-Union  Selantifie-Sasearoh 
Institute  of  grain)  iavasigatad  tha  aarodlynaaics  of  the  haat*and  maaa 
exchange  in  an  apparatus  with  a  boiling  layer  of  grain. 

Tha  aerodsrnamlc  inTastigatlons  raraalad  the  axiatanea  of  two 
stages  in  tha  pseudoliquiflad  state  of  tha  grain  layer:  an  initial 
stage  and  a  stage  of  turbulent  boiling.  In  apparatuses  without  maohf- 
aalcal  mixers  tha  drying  process  should  be  carried  out  at  tha  baginnizg 
of  the  second  stage  of  psaudoliquifaction.  Tha  inTastigatlons  of  grain 
drying  in  a  boiling  layer  indicate  that  it  would  be  practical  to  use 
that  method  for  a  preliminary  drying  of  wet  grain.  The  drying  of 
thermolabila  and  moisture-inert  grain  materials  in  a  boiling  layer 
calls  for  the  use  of  alternating  heating  and  cooling,  processes. 

fhe  calculation  of  a  drying  Installation  with  a  boiling  layer 
should  take  into  account  the  duration  of  the  material-heating  process 
to  a  preset  permissible  maximum  temperature.  Such  a  formula  was  obtsAnad 
by  the  authors  by  integrating  tha  differential  equation  of  a  thermal 
balance.  An  empirical  equation  was  obtained  and  a  calculation  nomogram 
compiled  in  order  to  determine  the  drying  speed.  The  equation  pro¬ 
tides  a  good  descriptioa  of  the  experimental  results  obtained  by  the  J 


241 


rinytstigatOM  of  rxeiom  oountrlM  lUS8R|  OMohoalovakiai  Poland^  Otia^i 
Vast  Gexnai^)* 

ZioUoovskijr  (Instltato  of  Pligrsloal  ^boidstiy  of  ttio  PolUb 
Aoadt!^  of  SdoBOos)  dvoLt  on  tho  "sosoing”  (oq^iTslsat)  boat  oondnotlod 
of  a  ls7er  of  granular  natariala  in  whioh  the  apaoe  between  the  indl*> 
vldual  grains  is  filled  with  gas  that  ia  either  iMobile  or  nowiag 
noroalljr  in  the  direction  of  the  beat  strean*  Be  investigated  the 
relationship  betweeh  the  heat  eonduotion  of  the  Isyer  and  that  of  the 
solid  phase,  the  nature  of  the  grain  arrangenent,  the  seen  ta^pevatiirt 
of  the  layer  and  the  speed  of  the  gas  flow)  in  partioular,  bo  eatabULab^ 
the  relationship  betwean  the  ooeffioiont  of  the  heat  oon* 

duction  of  the  layer  and  its  tes^rature* 

The  report  of  J.  Jaris  and  I.  PorUr  (Birainghaa  UniTeraity, 
England)  dealt  with  condenser  designing.  The  authors  developed  a  aathod 
calculating  horizontal  refrigerating  devices  designed  for  the  ocindenaatioil 
in  the  presence  of  noncondensable  gases.  The  theoretical  preaisea  were 
checked  in  an  expexlmental  laboratory  device  ly  condensing  the  ateaa  of 
ethyl  alcohol  and  water  in  the  presence  of  air  or  nitrogen. 

The  inportance  of  the  problem  of  drying  in  a  boiling  layer  was 
emphasized  hy  the  discussion  following  the  reports. 

P.  D.  Lebedev  (USSR)  emphasised  the  value  of  the  Impulae  method 
of  drying  finely  dispersed  materials,  V.  Vaneoek  (Oaeohoslovakla)  pointed 
out  with  reason  that  drying  in  a  medium  with  a  oonslderable  amount  of 
^ateam  cannot  be  considered  as  an  adiabatio  prooess,  eto.  «4 


Th#  iitaiA  fubjict  of  <iiwui»£ott  at  tha  fourth  aoMlon  vaa  boat  'j 
transffllaslon. 

Unable  to  dwell  In  detail  on  the  content  of  all  the  reporte,  we 
ahan  hereafter  confine  ourselyea  to  a  brief  outline  of  some  of  the 
works  and  reports* 

V.  R.  Van  Vijk  outlined  the  results  of  an  inrestigation  into  the 
formation  of  steam  bubbles  in  boiling  liquid  binatj  nixturesj  the  re¬ 
port  was  illustrated  by  a  motion  picture  film  (the  filming  speed  was 
4,000  frames  per  second)  • 

The  work  of  K.  Kenb^ovskiy  and  U.  Serwinsldy  (Technical  Insti- 
tute,  Lodz*)  discussed  the  investigation  of  a  heat  transfer  from  a 
heated  wall  to  a  suspension  of  solid  particles  in  water  moving  in  a 
pipe,  and  cited  a  comparison  of  the  heat  transfer  coefficients  with 
reference  to  pure  liquid  and  suspensions* 

I*  iloshchitskaya  (Institute  of  physical  oheadstry  of  the  Polish 
Acadeny  of  Sciences)  experimentally  determined  the  local  heat  transfer 
coefficients  on  models?  the  resulting  coefficients  were  then  caapared 
with  the  values  obtained  from  an  analogy  between  the  heat  transfer  pro¬ 
cesses  and  the  mass. 

The  mass  exchange  of  two-phase  systems  was  the  subject  of  dis- 
cussion  at  the  fifth  session*  Special  mention  should  be  made  of  the 
report  submitted  by  professor  Zh*  Standart  (Institute  of  theoretical 

ft  j 

bases  of  chemical  machinery  of  the  Czechoslovakian  Academy  of  Sciences) 
who  used  the  thermodynamic  method  of  irreversible  processes  to 
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|lnv«stlgat«  tha  trtnaf tr  pbmonina  on  an  inUrpbaat  aurf not*  Quidid  j 
ly  tha  BomouUl  otioatlon  and  tho  firit  law  of  thoTnodyniBloif  writtan 
with  roforoaco  to  hotoroganic  ayitaa«,  tha  aathor  oMainad  tha  waU^ 
knovm  diffarantial  aquations  for  a  continuous  phasa  and  naUr  aspcsssiMis 
for  tha  prooassaa  occurring  on  tha  surfaca  of  tha  phasa  dlTision* 
Corraspondlng  iaaquationa  for  indiridual  transfar  prooassaa  aara  ob¬ 
tained  on  tha  basis  of  tha  sacond  law  of  thamodynanios  aiqprassad  in 
tha  form  of  an  irra^arsibla  antrosy  incraiant.  Tha  linaar  oorralation 
batwaan  tha  moring  foroas  axid  the  straans  thay  ganorata^  obtained  fron 
these  inequations  I  are  transfomad  and  account  is  taken  of  tha  ohsugiBg 
noring  forces.  Of  tha  greatest  interest  are  the  correlations  dasorib- 
ing  tha  suparinposad  processes  of  haat-and  nass-cacchanga. 

G.  (East  Garaan  Aoada^r-of  Soianoas)  inrastigated  tha 
hydrodynanic  instability  of  tha  liquid  intarphasa  of  a  surface  in  tha 
process  of  nass  and  heat  exchange.  Datanrtning  the- coefficients  of 
light  ray  diffraction  on  an  intarphasa  suxfaoai  tha  aathor  showed  that 
tha  Instability  of  that  surface  is  tha  causa  of  a  aora  oagqilax  free 
conraotion  nachazxisn  in  tha  nass  and  heat  exchange  processes  on  tha 
boundary  of  tha  phasa  division.  Under  oonditloxui  of  a  obspulsoty 
turbulent  convaction^  tha  hydrodynanic  (Stability  raduoas  tha  intensity 
of  tha  process. 

J.  U.  Smith  (California  University)  studied  tha  nature  of  tha 
■  transfer  in  porous  oatalyzars  which  are  considered  as  a  gystan  of 
iiacro-and  nicroporas.  Tha  e^qparinantal  data  vara  processed  with  a  vinr^J 
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fto  obtaining  the  relaUooship  betwewi  the  epeed  of  gae  diffusion  and  1 
the  distribution  funcUon  of  the  nacropore  siaes,  as  well  as  the  r%- 
laUonship  between  the  seeming  (equivalent)  heat  conduction  end  the 
distribution  function  of  aicropores  and  the  length  of  the  free  rua  of 
gas  molecules  in  them* 

J.  and  P.  Le  Hoff  (University  of  Haney, France)  investigated  • 
the.  removal  speed  of  solid  particles  (glass  ballawith  a  dieter  of 
63  micron)  with  reference  to  1-  and  2-  component  boiling  layers  (glass 
balls  with  a  diameter  of  63  and  160  micron) .  The  authors  drawn  an 
analogy  between  the  diffusion  of  jarticlee  in  a  boiling  layer  and  a 

turbulent  diffusion  in  a  continuum. 

U.  Molchtadi  (Birmingham  University)  and  P.  Brua  (Canadian  In¬ 
dustrial  Company)  investigated  the  internal  circuiatton  and  speed  of  a 
following  drop  with  reference  to  hinaiy  fixtures  of  nonmiscible  liquids. 

P.  Feldesh  (Budapest  Technical  Institute)  drew  an  analogy  between 
mass  transfer  and  hydrodynamics  on  reticular  bubble  pUtes  of  diffusion 
apparatuses . 

Of  the  reports  submitted  to  the  sixth  session,  to  shall  menUon 
that  of  Mr.  Oorger  (Prague  Scientific  Research  Institute  of  thermo¬ 
technics)  on  "The  effect  of  a  jet  flow  on  the  mass  transfer  and  the 
possibilities  of  using  that  method  for  drying  purposes",  ^  ly  M.  £. 
Poain  (Leningrad  LeMOviet  Technological  Institute)  "Foam  in  the  pro¬ 
cessing  of  gas  with  liquids". 

L  M.  Oorger  ixrestdgated  the  process  of  naphthalene  evaporatiou-A 
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rindtr  the  effect  of  aa  air  etreea'aireoted  fvcB  a  nosaXe  tSH 

the  eraporatlon  surface.  The  correlations  required  to  detendne  tho 
coefficient  of  the  oass  exchange  were  obtained  on  the  baeli  of  eiper* 
Inents  carried  out  under  different  aon<»  tlflnt  (the  speed  of  the  air 
jet  from  the  noaale  KKO  e/sec,  the  width  of  the  noasle  5^  m,  the 
distance  between  the  nossles  70-350  on,  and  the  distance  betneen  the 
noasle  and  the  control  jdate  was  1-ft  tiaes  greater  than  the  width  of 
the  nossle)  •  The  optisun  distance  between  the  aossle  and  the  laterisl 
should  be  8.5  tines  greater  than  the  width  of  the  nossle. 

U.  E.  Posin' a  inrestigations  in  the  use  of  the  foan  refine  are 


widely  knoen.  This  was  indicated  also  tgr  the  Urely  discussion  that 
followed  his  report.  The  widdous  interaction  processes  betwe«  gas  and 
liquids  (cooling  and  heating  gases  and  liquidsi  eraporatiiig  solutions» 
dzying  and  noistening  gases,  etc.)  are  sharply  intensified  the  oei»> 


wersion  of  the  gasti^iquid  systen  into  a  sta^  foan. 

The  GonsideraUe  turbulence  under  such  conditions  leads  to  the 

% 

creation  of  a  constantly  renewable  interpbase  surface,  the  diffusion 
resistance  decreases  and  the  intensity  of  tbemal  and  diffusion  pro¬ 
cesses  Increases  nany  tines  in  oonparlson  with  tbe 
apparatuses  axui  scrubbers.  Used  on  a  large  scale  are  foaay  gas  puri¬ 
fiers  whose  effioiviqr  is  as  hi|^  as  the  best  results  are 

» 

aohiewable  in  cleaning  the  gas  of  dust 
disaster  of  about  5  aiorons. 

The  serenth  £3n  focused  its  attention  on  eortraotiMl  J, 


iTrocesMS.  lii.  rtport  ®utaitt.dly  S.  ime  aiid  J.  J«ffri0.  (Bi»- 
^r■gh«^n  Univereity)  contalja«d  an  anaJyala  of  tho  «xistiiig  thoorlM  of 
mass  transfer  and  the  quantity  of  Borenent  in  a  syaten  of  a  contlnupui 
and  dispersed  phase,  and  nade  an  atteapt  to  detemlne  the  efficiency 
of  apparatuses  ty  calculation  nethods.  As  an  analysis  was  aade  for 
only  one  drop  of  liquid,  a  coincidence  of.  calculatiOB  and  flaq>erlMntal 
data  was  obtained  only  for  simple  apparatuses  with  a  fairly  accurate 
description  of  the  hydrodynamic  regime  of  the  dispersed  phase.  Dhder 
conditions  of  a  complex  extract  flow,  the  picture  is  changed  ly  the 

interaction  ("adhesion")  of  the  drops* 

r,  (Birkenditch  Technical  Institute,  England)  investigated 

the  mass  exchange  ly  separating  the  liquid  syatems  and  suspensions  in 
a  lydrocyclone.  He  cited,  in  particular,  the  design  parameters  of  an. 
apparatus  for  the  enrichment  of  minerals  and  the  form  of  solid  partio^ 
trajectories  as  weU  as  the  investigation  results  of  extraction  and 


oil  separation. 

Doctor  Reiner  (who  spoke  in  place  of  K.  Libhart,  twgi  foint 


Stock  Company,  Prankfort-em-JAaine,  West  Oermany)  outlined  the  results 
of  his  research  on  equipro^atr^T'iiquW  eartractiraT  A  higher  efficienqr 
achieved  by  increasing  the  mass  transfer  surface  or  decrees- 
Ing  the  film  thickness  of  the  respective  phase.  According  to  the 


authors  of  the  proposed  apparatuses  which  are  of  .a  more  eodplex  design 

.1 

than  the  packed  anl  sifter  columns,  the  degree  of  eoj^ation  taounts 
IJo  90-9S|(.  It  is  proposed  to  replace  the  mixing  by  hantrifugation  ^ 
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r^eh  it  poealULt  to  do  vltEout  a  alMr-Mparator.  Tha  ixuvaaO^ 
gatiooa  «aro  aada  on  a  nodal  about  ona-tanth  tha  natural  alia* 

Q.  P.  Solonakha  and  i.  M.  Planorakijr  (Soiantifio-A«saareh 
Znatituta  of  organlo  aaedprodnota  and  djraati^fai  Hoaeov)  inraaticatad 
tha  naaa  tranafar  prooaaa  in  a  gaa  phaaa  during  tha  ahaorption  of 

« 

annoniun  bsr  aatar  fron  an  air-aaau>Diua  nixturoi  Nuuaroua  taata  ra- 
raalad  that  tha  coaff ieiant  of  tha  aaa#  tranafar  on  aiara  platan  ia 
datatainad  ly  the  apaad  of  gaa  in  tha  oolunn  and  tha  haight  of  tha 
atatie  liquid  laval  on  tha  plata. 

Schubert  (Czeehoalorakia^  S.  Koppaohara  (USSR),  ate.  partioi- 
patad  in  tha  diacuasion. 

Tha  aighth  aaaalon  naa  devoted  to  abaorption  prouaanaa. 

K.  iaparger  (Znatituta  of  ehenioal  aquifuaut  danigna,  Uipstg, 
East  Geraangr)  cited  a  design  of  aquipuant  for  tha  production  of  nitric 
acid  and  daralopad  a  nee  aquation  for  dataradning  tha  aquilibriun  ooDf* 
atanta  of  nitrogen  dioxide  abaorption.  Adnltting  the  poaaibilitgr  of 
using  existing  nethods  for  designing  j^ta-lika  absorption  colvaaiSf 
the  author  finds  it  naoeasaiy  to  elaborate  tha  design  of  packed  oolunn 
and  proposes  a  qrstea  of  differential  aquations  for  oharaotarialng  tha 
changing  concentrations  ly  tha  haij^t  of  tha  oolun. 

Tha  reports  of  V,  I.  Xoanrisar  aho  spoke  on  behalf  of  a  group  of 
authors  (V.  Atroshankoi  A.  Zasorin,  V.  Sfinor,  Za.  lordjrah)  and  Z. 
liitrinenko  (Kharkov  P^ytachnioal  Znatituta)  outlined  tha  results  of  a 
ijAVga-ooala  effort  in  designing  coluans  to  obtain  nitric  aoid  fron  ^ 


fiitric  oxld«».  ItaprooM.  of  nitric  (Mdd.  ataotjUea  Ijr  »«t«r  | 

somuons  of  citric  acid  ia  cocaJdcrably  aocalcratad  1»  a  cciw  irtth 
aiftor  plates.  The  report  thews  ths  affioieMjr  of  the  plates  as  ds- 

tanilMd  br  tb.  Mnpatswra.  llnasr  spasd  sod  *...raX  ptssssr.  cf  nit^ 
gas  as  well  as  ly  the  acid  conceatratioa.  A  production  type  nitric 
acid  with  a  concentration  of  68-70^  was  obtained  in  a  sonal  absorbs 

i  -2 

with  sifter  plates  under  a  pressure  of  (3.8-5)  x  9.8  x  KT  Hx  «  . 

Ia.  Bettelhein  and  R.  Kllaecek  (Scientific-Research  Institute 
of  inorganic  cheoistry,  Usti-on-Lnbe,  Caechoslovalda)  proposed  and 
successfully  tested  on  a  new  nodal  an  absorption  installaUon  consisting 
of  a  padeed  column  made  of  7dre  spirals.  The  installation  is  designed 
to  absorb  sulfur  diddde  fron  the  flue  gas  of  themsl  electric  power 

plants. 

M.  Belski  and  11.  Adelnets  (Scieatific-Research  Instttute  of  in¬ 
organic  chenistry,  Ostl-on-Labe,  OzechoslOrakia)  reported  on  the  con- 
sttuction  and  extraction  results  on  a  seniplant  model  of  an  absorber 
with  "collapsing"  (Russian  tern  proral'niye)  plates  designed  to  wash  -, 
the  tail  gases  ia  the  production  of  superphosphatei  A  study  of  the  . 
apparatus  produced  certain  data  characterizing  the  Ban  transfer 
coefficients  and  the  drop  in  the  column  pressure. 

V.  Orlov  (USSR),  and  others  participated  In  the  discussion. 

RedistiUatlon  was  discussed  at  the  ninth  session.  V.  V. 
Kaforov's  ropwt  (Moscow  D.  I.  Mendeleyev  chemical-technological 
LJnstitute)was  titted  "Certain  problems  of  the  contemporary  sUte  of  J 
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;  th«  thtoxy  and  praetioa  of  rodlstlUatioa”*  fha  roport  dlaouNod  tht  I 
•quillbrluB  In  at— a-llqold  ^rataM  and  tha  kinatioa  of  radlaUUntlon 
prooaaaaa}  It  introduoad  tha  oonoapt  of  diffusion  afflolanogr  and  oitad 
aquations  of  sass  tranafar  with  rafar«ioa  to  tha  daslgn  of  tha  Tarioua 
tgrpss  of  diffusion  apparatusas;  lb  oltad  tha  taobnlcaX  and  aooooBlee. 
Indloas  of  tha  radlstillatlon  ooluana  (tha  output  par  unit  of  eapaoltor 
and  tha  consumption  of  anargy  per  unit  of  tha  dlflslon  haifht)  and 
proposed  oartain  methods  of  improving  thma. 

K.  prozba's  work  (tha  Otto  Oarika  Poiytaohnloal  Inatltutai 
liagdaburg,  East  Qarmanjr)  daalt  with  tha  inrastifatlon  of  a  mass  trans¬ 
fer  on  a  hpodad  plata;  tha  reports  of  U.  Qualls^  M*  Eylao  and  A.  Stand- 
art  (CzeohsoTlet  friendship  plantii  Zaluzhlf  Ozaehosloraklaf  and  tha 
Institute  of  theoretioal  basts  of  ohamleal  ssohlnary  of  tha  Ciaoh 
Acadiogr  of  Solenoas)  discussed  the  dynaalos  and  mass  transfer  of  ool- 
lapslng  plates;  T.  G.  Somar  (taohnical  Dnlyarslty,  Ankara)  disoussad 
tha  axperimantal  investigation  into  tha  designing  of  radistlUation 
oolumns  with  sifter  plates;  Boblary  R*  Cruploka  and  I.  Chaika 
(baboratoty  of  prooasses  and  apparatuses  of  the  Polish  Aoadasgr  of 
Solenoes)  investigated  the  hgrdrodynamlos  of  sifter  and  ****** ^p**"g 
plateSf 

Distillation  was  tha  subjaot  of  disousslon  at  tha  tenth  session* 
Mention  should  be  made  of  the  work  of  K.  Lukisl,  Z.  Gak«r  and  D.  GslhiB 
(Lalna  verkSi  East  Germany)  dlsoussing  the  piroduotion  of  trlmetigrl 
[amine  with  tha  use  of  an  axtraotlva  distillation  mixture  of  matbyl  -i 


rSmine  with  water.  The  relaUoDship  betwftn  the  nmber  of  theorettceTj 

\ 

pieces  and  the  aaomt  of  aided  water  was  obtained  ae  a  result  of  the’ 
design  of  the  colvmn  rdth  the  use  of  a  ooepnting  nadhlne. 

We  should  also  aentlon  the  report  ly  Villa  (Soi«atifio4leoeareh 
Institute  of  synthetic  rubber,  Gotwaldow,  Oseohosloralda)  bn  the  use  of 
azeotropic  distillation  to  delydrate  certain  partially  water  solnhle 
hydrocarbons.  That  report  defines  the  {dysieo-ehasdoal  paraaeters 
which  detenaine  the  relatiaiship  between  the  aaounts  of  water  in  a 
liquid  and  steam  phase  as  well  as  the  final  water  content  in  a  liquid 
subjected  to  distillation. 

The  eleventh  and  twelfth  sessions  were  devoted  to  chemical  re¬ 
actors. 

The  report  on  the  “Effect  of  chemical  reac^n  on  diffusion 
phenomena"  ly  D.  F.  Otmer  (Technological  Institute,  Brooklyn,  H.  I.» 
U.S.)  dwelt  on  the  general  characteristics  of  diffusion  phenomena,  and 
particularly,  the  simultaneous  transfer  of  heat  and  mass.  It  would  be 
practical  to  use  electroaic  con^uters  for  the  solution  of  the  corres¬ 
ponding  differential  equationB.  The  eaqperimental  investigation  of 
drying  processes  calls  for  the  use  of  high  precision  apparatus. 

The  solution  of  important  problems  in  chwnical  Idnetios  should 
be  based  on  the  following  sohemet  the  formulation  of  the  Initial  con¬ 
cept  of  the  process  mechanism,  a  mathematical  analysis,  an  experimental 
study  of  the  process,  the  design  of  the  installation,  its  j^oduotionr 
^^d  operation.  The  ejqperimental  method  of  investigation  is  of  majof^ 
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;  iBportanot,  but  aathmatloal  pattm  «rt  also  Mtabllshsd.  Xta«  batr*] 
mathod  of  analysis  is  tha  prasantation  of  tba  diffarantial  aquations 
of*  tha  prooass  in  diaansionlass  font*  oonputing  daviooi 

should  ba  usad  for  ealoulating  tha  straans  of  haat  and  nass  in 
raaetions. 

Unfortunately,  tha  reporter  touohad  only  on  ganaral  fonMOationt 
but  did  not  provide  aqy  aathenatical  or  graphic  interpretation. 

I.  I.  Ioffe  and  L.  II.  ^s'aan  (Seiantiflc-Aasaareh  Institute  of  . 
organic  semiproducts  and  dyestuffs,  Moscow}  sitbetantiated  the  seleotlon 
of  optimum  operating  conditions  and  designed  various  schemes  of  chan* 
ical  reactors.  As  pointed  out  by  the  authors,  dynamic  prograning  is 
tha  most  affective  method  of  solving  such  problems. 

Tha  work  of  D.  E.  Mason  and  J.  Goulas  (University  of  Michigan, 
Ann  Arbor,  Michigan,  U.S.)  discusses  the  nathaiatlo4  modeiUng  of  a 
tubular  reactor  with  a  fixed  layer  in  a  transitional  ragimei  I.  Mlits 
(Easaarch  liaboratoiy  of  the  Uhilevar  Company,  Vlardingen, 
speaks  of  the  mathematical  comparison  of  periodic  and  constant  i^"dentt- 
tion  reactions  of  ethylene  oxide;  J.  J.  Oarberry,  (Division  of  Prooessef 
and  Apparatuses,  Motra  Dame  University,  Indiana}  U.S.)  discusses  the 
effect  of  heat-  and  mass  transfer  on  the  activity  and  yield  of  oatalyUo 
heterogeneous  reactions;  M.  Gruba  (Soientifio.^eaBch  Institute  of 
Macromoleoular  chemistxy,  Brno,  CsechoslovakU)  devoted  hU  W  to  a 
study  of  thelniling  and  condensation  prooMses  occasioned  by  a  direct 
[jpemoval  of  the  heat  from  liquid  systmns;  the  report  of  0.  lautskiy  ^ 


I  (choDlcal  plants  of  Csecb^anritt  frlondahlpi  Zaluzhi,  Csechoslovakia)  ! 
dealt  tdth  a  eyntheels  of  aBOonlua  in  the  presence  of  oigrgen-oonUining 
substances}  1.  Sedlacek  and  L.  Kuhlc^  (Research  Institute  of  the 
Cralovopolakl  aftchln^-butlding  plant  in  Bimo,  Prague  departnent)  dis¬ 
cussed  the  cataijrtic  method  of  remoring  gas  mixtures  from  osQrgen  and 
l^drogenj  etc. 

After  the  3HISA  Gongress  the  delegates  attended  the  opening  of 
the  International  fair  at  Brno  with  its  large  exhibition  of  apparatuses 
of  the  chemical  machine-building  industry  from  many  countries. 

In  conclusion  it  should  be  pointed  out  that  the  convening  of  the 
Congress  contributed  to  the  establishment  and  strengthening  of  friendly 
contacts  between  the  scientists  of  various  countries. 

There  is  no  doubt  that  these  creative  contacts  will  contribute 
to  the  development  of  science  and  technology  in  such  an.  important  area 
as  processes  and  apparatuses  of  various  branches  of  industry. 
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